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This collection contains the results of both theoretical and
experimental investigations of thermal emission from the atmosphere
and the underlying surface in the centimeter and millimeter regions
of the spectrum. The problem of microwave radiation in a cloud-
free atmosphere, in clouds and in precipitation are studied; the
reflection and radiation of the rough surface of the sea and the
ice cover are investigated and the contrasts in radiobrightness
temperature of the ice fields, the zone of cloud cover, precipita-
tion and the regions of increased humidity are evaluated. The pos-
sibility of using radio emission is evaluated from the viewpoint of
solving inverse problems, i.e., sounding of the atmosphere and the
underlying surface from aircraft.

This collection is intended for scientific researchers, engi-

neers, candidates and students concerned with problems of the
physics of the atmosphere, radiophysics and radio engineering.
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FROM THE EDITOR

This collection is called to the attention of the readers and
contains work from colleagues of the Main Geophysical Observatory
im. A.I. Voyeykov, Main Administration of the Hydrometeorological
Service, The Institute of Radio Engineering and Electronics, Aca-
demy of Sciences, USSR and the Leningrad Military Academy of Engi-
neering im. A.F. Mozhayskiy, and concerns natural thermal emission
from the atmosphere and the Earth's surface in the centimeter and
millimeter regions of the spectrum. Although the energy of this
radiation is very small, for example, for X = 1 cm, it is approx-
imately 108 times smaller than for A = 1 um; contemporary micro-
wave radiometers have such a high sensitivity that it can be easily

measured.

The research published in this ccllection has been developed
during the period 1964 - 1967 and shows that the natural radio
emission contains important information concerning the temperature
of the Earth's surface, the ice fields on the sea, the humidity
of the atmosphere and the zones of cloud cover and precipitation.
A closer analysis of this radiation permits determining the verti-
cal profiles of the temperature, the pressure and humidity and
studying the characteristics of roughness, thickness of the ice

cover, etc.

The use of a huge radio window in the Earth's atmosphere for
gathering meteorological information 1s quite promising. In the
near future a microwave radiometer, installed on an artificial
Earth satellite will operationally supply a forecast of the most
important data and, we must hope, will permit the forecasts to be
substantially improved qualitatively. This is the ultimate pur-
pose of this work, reports of which the reader will find in the
pages of this collection.
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INVESTIGATION OF THE FIELD OF MICROWAVE RADIATION
IN THE ATMOSPHERE

K.S. Shifrin, Yu. I. Rabinovich, G.G. Shchukin

ABSTRACT: The possibility of using microwave
technology in satellite meteorology is examined.
In this respect the advantages are discussed of
radiometric systems in comparison with the in-
frared technology used for solving a number of
meterological problems. The possibility is in-
vestigated of determining the temperature and
type of -underlying surface and of determining
the overall water content of the atmosphere.
The possibilities are examined of using micro-
wave technology in meteorclogy. Of greatest
interest 1is the use of this range for solving
the so-called inverse problems, i.e., deter-
mination of the basic meteorological elements
in the atmosphere from measurements obtained at
the upper boundary of the atmosphere from arti-
ficial Earth satellites.

Introduction.

The use of artificial Earth satellites (AES) for meteorolo-
gical investigations has changed the content and significantly
increased the amount of information concerning the condition of the
atmosphere and the Earth's surface which is available to investi-
gators. High altitudes are necessary for a satellite to remain a-
loft for a prolonged period of time; and it is here that the physi-
cal properties of the surrounding atmosphere are insignificant from

the viewpoint of the annual processes. Therefore, meteorological
measurements in the ordinary sense of the word have no meaning for
the meteorological AES. It is the characteristics of the electro-

magnetic field, i.e., its angular and spectral struecture, that are
measured on such a satellite as well as the polarization proper-
ties. The problem involves investigating what information concern-
ing the lower layers of the atmosphere and the Earth's surface are
included in these characteristics and finding methods for obtaining
it.

From this viewpoint, the visible and infrared parts of the
spectrum have been studied that are "traditional" for atmospheric
physics. However, great possibilities are found in the longer
wave lengths, i.e., the millimeter and centimeter ones.

s
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Generally speaking, the Earth's atmosphere has three "windows”
of transparency for electromagnetic radiation:
(1) The visible and near IR-window (Optical) (0.3 um < A <1

um) ;
(2) The IR-window (8 um <X <12 um);
(3) The radio window (2.5 mm <X <20 m).

Figure 1 shows a schematic representation of these "windows"
in.the spectrum.

The short-wave boundary of the radio window is determined by
the absorption in Ho0 and 09 (rotational-vibrational bands), and
the long-wave boundary is determined by the penetration of the iono-

sphere. The radio window possesses a notable characteristic, i.e.,
the radiation from X > 3 cm passes almost freely through the cloud
cover of the Earth. Since the clouds cover, on the average, 55% of

the Earth's surface, this window gives us the unique possibility

of seeing beneath the cloud and finding the processes which occur
between the cloud and the Earth. In particular we find here the
possibility of differentiating between rain clouds and rain-free
clouds and even of measuring the intensity of precipitation from
the ‘clouds. Microwave radiation is also feasible to use for inves-
tigating certain other problems.

In principle, the use of microwave radiation for problems of /6
probing may be done in two ways: (a) the use of an active locator T
on bocard the AES; (b) the use of natural heat radiation from the
atmosphere. The first means has been discussed in detail in the
meteorological literature for some time now. Thus, in 1950,

Kiegler and Krawitz [1l] described a speclally constructed radar
designed for operation on board AES. The weight of the radar
(without antenna) was 20 kg, the average power requirement was 36 W.
Detailed data on the possibility of an active radar on board AES
(methods of radar scanning, required resolving power, etc) are
given in monograph [2] (Chapter 7). The basic difficulty with ac-
tive location is the guarantee of a suitable supply source and its
stabilization.

Now let us look at the second method, i.e., the use of thermal
radio emission.

In the present article we look at the possibility of the micro-
wave range for solving problems of probing the atmosphere. Let
us evaluate its advantages and disadvantages in comparison with
the visible and the IR-radiations and describe the method and
preliminary results of aircraft measurements.

Measurement of thermal radiation from celestial bodies in the
radio range is the basic purpose of radioastronomy. From this
viewpoint the problem under discussion can be reduced to develop-
ing a method of radicastronomical investigations of the planet
Earth from AES. Let us add that in observations from the Earth
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being observed. For metero-
Fig. 1 logists, however, it is this
"noise" itself that is the
subject of investigation.

1. Methodological Problems.
Energy Resolving Power and Time Constant.

At first glance the possibility of measuring thermal radia-
tion from the atmosphere and the Earth in the microwave region may
seem to be remarkable. In fact, in this range the spectral bright-
ness of an absolute black body B is described by the Rayleigh- /7
Jeans formula (long-wave approximate formulas of Planck)

23 T
B = 25— kT = “57 = 2.76 - 10 23 57 W/ster-cm?.Hz.

Since the radiation from a black body is of Lambert type, the
total energy of radiation (luminous emittance) F per 1 cm? will be

F = 7B = 8.67 - 10-23 %5 W/cm2. Hgz.

From the formula it is clear that we are concerned here with
very weak radiations. With transition, for example, from A = 10 um
to A = 10 cm, the values of B and F are decreased by 10° times.

There is one significant fact however that saves the situation.
This involves the microwave radiometers possessing a significantly
greater sensitivity than the black radiation receivers. For a
radio receiver the minimally detectable power is determined by
the Nyquist formula Pp= kT Af ~ 4:10-21 W (when T = 300° K,
Af = 1 Hz)l, whereas for a black IR-receiver we have PTgR = yr5/2
1 It is curious that this threshold is similar to the threshold
of the human eye (10-21 W) and is better than the radiation receiv-
ers which we have available at the present time.



(26kAME)L/2 o 5.5.10°12 W (when T = 300° K, Af = 1 Hz, the area

of the IR-receiver A = 1 mm2). Consequently,
Pr
Prg &~ 10°°.

Thus, the large difference in sensitivity of the microwave
radiometer and the IR-receiver overlaps the decrease in energy of
radiation such that measurements are found to be completely feas-
ible.

Physically the large difference in sensitivity is due to the
fact that in an ideal radio receiver the effective pass band width
is equal to its band, whereas in a black receiver it overlaps the
entire band of radiaticn from the black body. Thus the noise level
of an IR-receiver is found to be considerably higher than in a
microwave radiometer.

If a selective IR-receiver 1is used, the effective width of its
band will be lowered and, respectively, so will the threshold.
Thus, for example, for contemporary photoelectric receivers of
radiation we may have a threshold on the order of 10-15 W or even
10-17 W for A = 1 pm. As a result the signal-to-noise ratio in
IR-receivers 1is found to be higher than in radiometers. To increase
it in these latter we have recourse to the effect of signal pileup.
With a high noise level we must make our observation for a pro-
longed period of time so that as a result of noise interference,
the relative noise of the useful signal will increase. Thus, the
inertia in radiometers (time constant) is found to be considerably
greater than the 1inertia in IR-detectors.

The question as to the time constant for our problem is very
important. In fact, each second is 8 km in the AES trajectory,
and if, for example, as we find in highly sensitive astronomical
radiometers, the time constant is on the order of 100 seconds,
then the signal that is registered will be a result of integration
of the field on the 800 km trajectory. It is only slightly pro-
bable that in this instance we could, for example, determine the
shower source in an extent of 6 - 10 km. Fortunately, the actual
situation iIs not so bad. The time constants of the radiometers,
installed on aircraft, may be set up from several seconds to hun-
dreds of seconds, it would seem because of a slight loss in the /8
energy sensitivity. This sensitivity (measured in degrees) is
found to be in this case on the order of 0.5 - 5° K as a function
of wave length.

Angular Resolving Power and Scattering of Antennas.

The angular resolving power B of any optical system is deter-
mined by the Rayleigh criterion B =~ 1.22 A It is associated
5



with the diffraction pattern of the incipient image and corresponds
to the angular distance of the first dark ring in the formula for a
coronaZ?. Transition from the infrared to the centimeter range means
an increase in XA by 103 - 10" times and with a constant diameter of
the objective (antenna) a corresponding increase in R.

Considerable difficulties arise here. For example, if we
wish to have a radiotelescope for A = 1 cm with the same resolving
power as in an optical telescope with a diameter of 20 em for
A = 0.5 pum, then the diameter of the radio telescope must be made
equal to 5 km! In radioastronomy, decreases in B are achieved both
due to an increase in the diameters of the antennas and by the
use of special radio interferometric methods whose effect is simi-
lar to the effect of diffraction grids in optics. In fact with
antennas having a diameter of 0.5 m, we may have B = 2 - B° for
aircraft and satellite radiometers. For AES from an altitude of
500 km this gives a spot with a diameter of 20 - 60 km.

It seems to us that it is important to Increase the angular
resolving power for a number of meteorological applications of
radiometry. Here we have the following possibilities: +the use of
inflated or hinged antennas and also the use of interferometry
connected with the movement of the carrier.

One other troublesome fact is associated with the low resolv-
ing power of antennas in the microwave range. The side lobes of
the antenna radiation pattern are found to be significantly un-
folded from the axis of the major lobe, such that a significant
flow of radiation arrives at the antenna outside the major lobe.

In order to characterize this property of the antenna, we intro-
duce the so-called scattering coefficient. If we place the antenna
in an isotropic field of radiation, the scattering coefficient will
be equal to the amount of power entering the system through the
side lobes. For example, 1f we take no special measures to sup-
press the side lobes, the scattering coefficient of a single-mirror
parabolic antenna will then be about 0.3 - 0.U4. This means that

30 - 40% of the power of the isotropic field will enter the antenna
from the lateral directions, and if "hot" bodies are located in the
lateral directions, their parasitic effect may prevent measurements
from being made generally.

In practice at the present time we can manufacture aircraft
and satellite antennas with a scattering coefficient of 0.15 - 0.20.
This all results in the necessity of taking "scattering" into
account during absolute measurements of microwave radiation.

For example, in [4] (p. 149) we have for the first dark ring

pB = 3.832, 3.832 A A
B = ——— = = 1.22 —.
w D D



2. Characteristics of Propagation in the Atmosphere and
Reflection from the Earth's Surface.

Propagation in Gases.

In the radio range, because of the comparatively long waves,
substantial significance is given to absorption associated with
dipole transitions, electrical and magnetic. Of the atmospheric
gases only in molecules of 0y and H,0 are there pronounced dipole
moments, magnetic in 0, and electric in HyO. All other molecules
(Np, COp, Hy, Ap, He, Ne) have neither electric nor magnetic mo-
ments, therefore in the range of centimeter and millimeter waves
the absorption coefficient for them will be practically zero. We
can neglect in this case the transitions that are associated with
higher multipole orders such as, for example, electrical quadrupole
orders, etc.

It is easy to see this if we look at the ratio of the intensity
of quadrupole Iqy and dipole Ig4 transitions

Iqu (ay 10-16
— . T ~~ }\2 3
Ta

where a is the radius of the atom (approximately 1078 cm) and A is
the wave length in centimeters.

In the radio range this value is completely insignificant.
Moreover the higher multipole transitions are not substantial. 1In
optics it seems this is not so. An oxygen molecule in fundamental
state possesses a magnetic moment that is assoclated with the pre-
sence of spin in the molecule equal to A.

The structure of the levels is found to be quite complex, and
in particular, leads to a complete system of lines near A = 0.5 cm.
The distance between centers of the lines is on the order of 0.01 -
0.02 cm and at normal atmospheric pressure we usually observe a
solid band that is slightly distorted by small maxima and minima.

Figure 2 shows a theoretical profile of the band for two values
of the half-width of the lines, 0.02 em~1 (broken curve) and 0.05
cm~1 (s01id curve). The points indicate experimental data. On the
ordinate axis, the absorption is given in db/km.3

3 In radiophysics, for the attenuation factor o, two units are
used: cm-1 or neper/cm and db/km. With transition from o in cm~-1
to o in db/km we must multiply o by 106 log e = 0.u43u43.106. The
reverse conversion from db/km to cm™— 1is accomplished by multipli-



At the band maximum (when A = 0.5 cm), o =~ 15 db/km = 3.5.10~°
cm~! and the intensity is decreased by 10 times even on a path of
667 m. For A = 1 cm, o ~0.01l4% db/km and the same attenuation in
intensity will occur-even on a path of 700 km.

Besides the band A = 0.5 cm, in 09 a still stronger single
line X = 0.25 cm is observed as well as two windows of transparency
A = 0.315 ¢cm and A = 0.93 cm.

Along with resonance absorption, in 0y molecules we can ob-
serve still another very weak, non-resonance absorption correspond-
ing to Debye absorption for dipole molecules. In the range
A= 2 - 25 cm this absorption will be altogether about 0.006 db/km,
or 10-8 cm~l, and further on it will be decreased sharply.

~
[}
Q

A molecule of water possesses in fundamental state a signif-
icant electric moment. On the strength of specific selection
rules for molecules of asymmetric gyroscopic type, such as the H,0
molecule is, the non-resonance absorption will be absent in it.

As far as the resonance transitions are concerned, they basically
fall into the IR-region. Only the transition, which corresponds
to a wave length of A = 1.348 cm, enters the centimeter range;
further on there follow the lines XA = 0.164 cm and A = 0.09 cm

in the millimeter range, etc.
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footnote #3 cont.

-6
cation by %2H§E§ = 0.2303:10-5. Let us add that the change in

intensity of radiation on the trajectory x may be written in two
identical expressions.
- -1
T = Tge a(ecm~™+) x (cm)

I = Io-lO_O'la(db/km) x (km).



From Figure 3 we have compiled the absolute values of a for
Hs0 (1), corresponding to a vapor content of 7.5 g/m3, and for
0o (2) at normal pressure.

Hydrometeors.
The attenuation of radio emission in hydrometeors is deter-

mined by the value of the parameter p = 27wa. For aerosols and

clouds p << 1, and for the scattering coe%ficient kyp and the
attenuation factor k, per particle, we have (see [4], p. 86):

. 3 U2 I m2__1 |2

b2 | T [
b S0mnx v

e

Im2 4272

.

Since kyp << k, the scattering here can then be virtually

ignored in comparison with the absorption. For water in the cen-
timeter region (from A = 0.5 cm to A = 10 cm) the value is
nx 1

M +op ~%

Thus we find that

o

By substituting all numerical constants the attenuation factor
will be

0.1R -1
o km .

Here R is given in g/m3, and X in centimeters. For A = 1 cn
and R = 3 g/m3, we find consequently that a = 0.3 km-1.

Thus, clouds absorb centimeter radiation rather weakly.

For the precipitations,_the parameter p = 1. In Table 1
we give values of kp, k and A, the probabilities of survival of
photons for the smallest and largest particles of the precipita-

tion.
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Table 1.
For particles with D = 0.5 c¢m the probability of survival of
Photons during a single act of scattering is significant. This

means that a significant scattering will occur and with a large
optical thickness of the layer, the frequency of the scattering
process must be taken into account. To compute the brightness of
the layer in taking scattering into account, data must be avail-
able on the characteristic curve of the scattering. These compu-

tations have been made in [5]. Unlike the spherically symmetrical

radiation from the individual drop, the characteristic curve of
the scattering of the drops is nonsymmetrical. For small parti-
cles it is significantly extended backwards; with an increase in
p, the Mie effect comes into play and it begins to be extended
forward. Figure 4 shows, an 1illustration of this effect, the
characteristic curves for p, equal to 0.5 (1), 1.0 (2), 1.7 (3)
and A = 1.35 cm.

Reflection from the Earth's Surface.

There does exist a small amount of data on the values of
reflection in the centimeter region, but there is very little on
the angular structure of the beam reflected from real, rough sur-
faces. For the characteristics of the degree of roughness of a
body we use the Rayleigh criteria

A
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Here h is the height of the roughness and | is the zenith angle
of incidence of the rays. The "smoothness" of a body depends on
wave length. A body that is smooth for certain wave lengths will
be rough for shorter waves.

Measurements give approximately the following values of the

emission coefficients in the normal direction for A = 3.2 cm
(Table 2).
Table 2.

Underlying Surface Emission Coefficient

Sea Water 40

Forest 98-99

Swamp 85

Field with thawed

patches of FEarth 75

Sea FToam, Breakers g99-100

Earth , S A - 50 .

Most significant here is this large deviation of the degree

of blackness of the water from unity. 1In the centimeter range,
water must be assumed as a surface that is almost a mirror, unlike
in the IR-range, where it 1s similar to a black body. This means

that the properties of water, in particular change in its salinity,
exert influence on the emission coefficient.

3. Determination of Temperature and Type
of Underlyinag Surface.

The significant variations in the degree cf blackness with
change in the character of the underlying surface represent a sub-
stantial feature of the microwave range. Whereas for the majority
of underlying surfaces in the IR-range the coefficient of blackness
in the normal direction is near to unity and varies comparatively
little, in the microwave range it varies significantly as a func-
tion of the type of underlying surface. This fact, which makes
determination of the temperature more difficult from the radiation
makes the problem of determining the boundary between surface of
different types easier. For a known type of surface the radiation
is uniquely determined by its temperature.

Let us look at the possibilities of determining the tempera-
ture of the surface.

Precision of Converting Radiation into Temperature.

10
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For a nonblack body the relationship between radiation B and
temperature T can be described by the formula

B=e(M)EQMT),

where E is the Planck function, e(A) is the degree of blackness of
the body.

With a given error in determining the radiation B, the error /13
in T will vary for different segments of the Planck curve. From
the relationship

EQNT)= f:n —-

we find
7= ),

where & (T) is a function that is inverse to E(T).

A-—~\dB Ay |d5\
Let = TB and L B be the absolute values of the re-
lative errors in the quantities B and e. Obviously

dz ¢ e

dT )

|7 ’—‘h@dr (3 +4y),
| drT .
|7 | =1a1(a, 5 4,).

Let us denote
) td$  <dT _j;_ ar 1 1
1O =@ =TE =T &= T @& W
E daT

The quantity M(x) was tabulated in [6] as a function of x = ——.
The values q(x) are given on Table 3. m

Table 3.
X oo 0 041 0,2 0.5 1,0 2 3 co
g(x) ...... 0 0,0201 0,0403 0,101 0,201 0,370 0,488 1,00

11



In our case Ap = 10 um. Consequently, with measurements in
the IR-range (X = 10um, x = 1) the error in determining the temper-
ature will be 5 times less than with measurements having the same
accuracy in the centimeter range (x = «), i.e., with transition to
the microwave radiation we have a slight loss here.

Influence of the Atmosphere.

The influence of the atmosphere, however, indicates otherwise.
If we ignore the effect of reflection of brightness of the sky from
the Earth, the measured biightness is determined by the formula

ow
Tsecy

—O:sccg —
T=(0—R)Tee °© -+ [T(2)a(2)sectdze *

o8

The First term describes the radiation from the Earth, atten-
uated by the atmosphere and arrived at the observer; the second
term describes the radiation from the atmosphere, incident on the
radiometer; the quantity R2 is the energy coefficient of reflection,

the quantities represent the optical thickness of the
entire atmosphere and the layer from the level z'.

To evaluate the influence of the atmosphere on the microwave /1lu
radiation let us look at data from calculations of the radiation
at the upper boundary of the atmosphere.

Figure 5 gives the radiobrightness termperature of radiation
from the system Earth-atmosphere as a function of the overal mosi-
ture content for two wave lengths, 3.2 cm (1) and 8.5 cm (2). The
underlying surface here is the sea water with a temperature of 298°
K. From the graphs it is obvious that the influence of the atmos-
phere on the radiobrightness temperature is insignificant over the
entire range of possible change In the overall water content.

Results of the Measurements

Several results of measuring
the temperature of the water sur-
T °K face from an airplane are given
in the present collection [7,8].
In these articles, evaluations
) are made of the absolute measure-
mor 2 ments, which indicate that in
the microwave region only those
measurements of the temperature

720

700 1 1 1 1 1

)
o w20 30 40 50 60wWmm contrasts with respect to the
surface having a known tempera-
Fig. 5. ture are of interest. From the
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viewpoint of determining the type of underlying surface we can look
at the possible temperature heteorogeneities for the different types

of surfaces, and also the temperature contrasts of the systems,
water and water-Earth.

o
Tb K
3001

jce with snow

calibration

calibration

open pools

1001~ of water
water
L. 1 [T 1
13h 13m. 13h 18m 13h 23m
Fig. 6.

Table U4 gives the temperature heterogeneities for the various
types of underlying surfaces,

obtained in the Spring of 1966 and
the Winter of 1967 during aircraft measurements with a radiometric /15
apparatus, operating at wave lenghts of 0.8, 1.35, 1.6 and 3.2 cm.
These data for A = 0.8 cm permit us, for example, to make the im-
portant conclusion that the temperature heterogeneities for many
types of natural surfaces do not exceed 10 - 15 °, and often quite

less. Thus, it is not only above the water surface that measurements

can be conducted for determining the meteorological characteristics
of clouds and precipitation.

As an illustration of the possible use of radiometric apparatus
for determining the boundaries of the ice cover and the shore line,

Figure 6 shows samples of recordings of the contrasts of radiobright-
ness temperature obtained from measurements from an airplane at a
wave length of 3.2 cm in the region of the Barents Sea at an alti-
tude of 8000 m. With the observation of ice with pools of open
water, the radiobrightness temperature fluctuates in the range from
110 to 250° K,

the lower level corresponding to the radiobrightness
temperature of pure water and the upper corresponding to the temper-
ature of ice and ice with snow. Such a large temperature contrast

is found at the boundary of water-dry land, an example of the re-

13
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cording of which, obtained in measurements from an airplane on

October 8, 1966 at A = 3.2 cm in the region of the Caspian Sea is
shown on Figure 7. The observations here were carried out through
cumulus clouds (8 - 10 points on the Ac scale).
(o]
Tb K
300

__sandy shore

water

100

—_—_— = e B J
12h 47m 12h 56m
Fig. 7.
Table 4.
- e - — S
Character of the
. }\ = 0.8 =
Underlying Surface R h=1,35 cu
T T
S “min *av | "max| T'min| TPay Tamax
Desert 257 257,5 258 268 269 270
Steppe, ploughed fields 262 265 268 267 272 277
Steppe, covered with
ppe> ec Wi 50,5 254,5 21,0 249,5 255.5 260,0
Snow .
Ice, covered with snow 245,5 253,0 263,0 233,0 243,0 253,0
Toe 24475 25,5 246.5 240,0 246,0 254.0
. 170,0 1765 171,0 | 16600 1670 168,0
Caspian Sea
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Character of the .
Underlying Surface T, .
min
Desert 251
Steppe, ploughed fields | o5
Steppes covered with
snow 246,0
Ice, covered with snow 246,5
Ice 239n0
Caspian Sea 136,0

T T
*av | “max
256 261
258 262
250, 5 257,0
251,0 957,5
239.5 240,0
13735 1390

257
240,5
230,5

225.0
110.5

4, Determining the Overall Water Content,
Zones of Cloud Cover and Precipitation.

As already noted,

170

160

B0

40

A=3,2 cM

Ta T,

av max
255 266
262 267
245,5 252,0
237,0 239,5
228,0 231,0
111,5 113,0

to determine the overall water content of
the atmosphere we can use the results of measurements of microwave
radiation in the bank of absorption of water vaper at A @ 1.35 cm.

8 2 km
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Figure 8 shows the path of the radiobrightness temperature with al-
titude, plotted from data of measurements in the channel A=1.35 cm
using vertical sounding of the atmosphere on October 3, 1966 in the
region of the Caspian Sea.

Detailed computations and experimental data are given in the
article [9] published in this collection on determining the overall
water content of the atmosphere. Computations show that in the /17
measurements over a uniform water surface the dependence of the -
radiobrightness temperature on the overall water content is a lin-
ear one in the range from 0.5 to 3.0 cm of precipitated water.

One favorable fact also is the comparatively small iInfluence
on the radiobrightness temperature, measured at the boundary of the
layer, of the profile of moisture and the temperature inside this
layer. The small divergences between theory and experiment and the
strong dependence of the radiobrightness temperature on moisture
content in the atmosphere give a basis for using this method in
satellite meteorology.

In determining the cloudcover and especially the zones of pre-
cipitation, along with absorption we are concerned with scattering;
during intense precipitation it is essential to take into account
multiple scattering. Detailed computations are given in [10] on
the transfer of microwave radiation in clouds in [11] of from air-
craft measurements of cloudcover and zones of precipitation over
the water surface. The experimental data in this paper are compar-
ed with the computational results.

The results of the aircraft investigations show that the radio-
brightness contrasts of precipitation during measurements over the
water surface, even for precipitation with an intensity of 2 - 3
mm/hr, reach 90 - 110° K. If we allow for the fact that the great-
est temperature heterogeneity of radiobrightness temperature of the
underlying surface does not exceed 20 - 40°, then obviously we can
also detect sufficiently intense precipitation over a variegated
underlying surface.

5. Prospects for Using Microwave
Technoloagy in Meteorology.

Of greatest interest for meteorology is the use of the micro-
wave range 1in solving the so-called inverse problems, i.e., deter-
mining the basic meteorological elements in the atmosphere from
measurements, obtained at the upper boundary of the atmosphere from
artificial Earth satellites. However, these problems can be solv-
ed just as well by using radio emission. From a certain viewpoint
this range is most promising for such investigations.

First of all, absorption by water vapor and oxygen in the mic-
rowave region, as a rule, appears in the form of individual lines

16



or bands of comparatively simple structure. Therefore, computation
of the functions of absorption, which in the IR-region are extremely
complex, is rather simple here.

Secondly, the resolving power of the thermal radar apparatus
by spectrum significantly exceeds the resolving power of the exist-
img IR-temperature. For example, the line width of absorption of
water vapor A = 1.35 cm 1is about 6000 MHz, whereas the width of the
transmission band of the radiometer may be 20 - 40 MHz. Certain
difficulties are presented by the creation of radiometric apparatus
with fine tuning by wave length, but -they apparently can be over-
come.

And finally one important advantage of microwave radiation is
the possibility of sounding through clouds. This is especially
significant in the regions of so0lid cloud cover, which are inacces-
sible both to the IR-apparatus and to the apparatus of the visible
range.

Above we have looked at several possibilities of meteorodogical
investigations using a microwave instrument. Along with this, sev-
eral other prospects should be noted. This is the determination of:

(1) The profiles of temperature and pressure of the air accord-/18
ing to the absorption in oxygen:

(2) The profiles of humidity from absorption in water vapor;

(3) The roughness of the sea from the brightness and polariza-
tion characteristics of the microwave radiation;

(4) The upper boundary of the clouds and the pressure at the
level of the clouds from the absorption in oxygen.

In conclusion, let us add that the data from recent years have
shown that clouds emit intensive microwave radiation, associated
with the collision of charged drops and ice crystals. This non-
thermal radiation, consequently, can be used for evaluating the phase
states of the cloud and the processes of its restructuring.

17



10.

11,

18

REFERENCES

Kiegler, I.E. and L. Krawitz: Weather Radar Observations Sat-
ellites. J. Geophys. Res., Vol. 65, No. 9, 1960.

Stepanenko, V.D.: Radiolokatsiya v meteorologii. (Radar in
Meteorology), Gidrometeoizdat, 1966.

Smith, R., F. Jones and R. Chesmer: Detection of Infrared
Radiation. Foreign Literature Press, Moscow, 1959.

Shifrin, K.S.: Rasseyaniye sveta v mutnoy srede. (Scattering
of Light in a Cloud Atmosphere). Gostekhizdat, 1951.

Shifrin, ¥X.S. and M.M. Chernyak: Indikatrisy rassevaniva santi-
metrovoy radiatsii kaplyami vody. (Characteristic Curves of
Scattering of Centimeter Radiation by Drops of Water).,

Trudy Main Geophysical Observatory, No. 203, 1967.

Shifrin, K.S.: Perenos teplovoy radiatsii v oblakakh. (Trans-
fer of Heat Radiation in Clouds), Trudy Main Geophysical Ob-
servatory, No. 46 (108), 1955.

Rabinovich, Yu. I., G6.G6. Shchukin and V.V. Melent'yev:
Opredeleniye temperatury vodnoy poverkhnosti po radioizluch-
eniyu v satimetrovom diapazone. (Determination of the Tem-
perature of the Water Surface from Radio Emission in the
Centimeter Range), (See this Collection).

Rabinovich. Yu. I., G.G. Shchukin and V.G. Volkov: O vozmosh-
nykh pogreshnostyakh absolyutnykh exmereniy radioizlucheniya.
(Possible Errors in Absolute Measurements of Radio Emission).
(See this Collection).

Rabinovich, Yu.I.and G.G. Shchukin: Opredeleniye soderzhaniya
vodyanogo para v atmosfere po ezmereniyu mikrovolnovogo izlu-
cheniya. (Determination of the Water Vapor Content in the
Atmosphere from Measuring Microwave Radiotion). (See this
Collection).

Volchok, B.A. and M.M. Chernyak: Perenos mikrovolnovogo
izlucheniya v oblakakh 1 osadkakh. (Transfer of Microwave
Radiation in Clouds and Precipitation). (See this Collection).

Rabinovich, Yu.I., G.G. Shchukin and M.M. Chernyak: Radioiz-
lucheniye oblakov i osadkov. (Radio Emission from Clouds
and Precipitation). (See this Collection).



EXPERIMENTAL INVESTIGATIONS OF THE CHARACTERISTICS OF THERMAL
RADIO EMISSION FROM THE SURFACE OF THE SEA

A.M. Shutko

ABSTRACT: Experimental and computational data
are given on the mean values of the emission
coefficients from the surface of the sea for
vertical polarization in the centimeter wave
length band with various intensities of swell.
The computational values of the emission co-
efficient have been obtained for a smooth sur-
face as well as for two-dimensional and three-
dimensional statistical models of a rough sea
surface. Measurements of the characteristics
of radio emission from the surface of the sea
were made on a two-channel radiometer at wave
lengths of 0.8 and 3.37 cm. The range of the
angles of sighting was from 50 - 60 to 90°.

Measurements of the characteristics of the radio emission from
the surface of the sea were made using a radiometric apparatus,

installed on shore. The swell of the sea varied from 0 to 3 - 5
points on the scale. The surface of the sea encompassed a range
of angles of sighting from 50 - 60 to 90° (in reading 6y from the

vertical).

Figures 1 and 2 give computational and experimental data on
the mean values of the emission coefficients gv for vertical pola-
rization at different intensities of swell in wave length bands of
3.37 and 0.8 cm, respectively. The computational values ey were
obtained for a smooth surface and for statistical models (two-
dimensional and three-dimensional) with a distribution of the
angles of slope % near the normal [1], and with the mean square
value o = 10°. For the three-dimensional model of the surface
the exponent of three-dimensionality v is assumed to equal unity
(v characterizes the ratio of the mean square values 0y 1in the
direction perpendicular to the direction of propagation of the
swell, and in the direction of swell, respectively; with such a
definition, v < 1). Computations of the emittance were carried
out in approximation of geometric optics using the method described
in [2] and taking into account the self-shading of the surface
elements. In this approximation, the emission coefficient ey p
of the basic segment of the surface is determined from the reflec-
tive properties of the surface using the formula

ev"g(r)y Py On, '{)):1 —f.";;g(ﬂ, T 0(); ';’) = [r,v(ev kD) 00» ':)) i rg(ov T 001 '?)] Siﬂ2a. (l)
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Here the subscripts "v" and "h" denote the vertical and hori-
zontal polarization, respectively; ry_ p represents the Fresnel
reflection [3] according to power; & is the angle of slope of the
surface element toward the horizon, ® is the azimuth of the normal
to the surface element, 63, ¥ are the angular coordinates of the
direction of observation, a is the angle of depolarization. The

signs "+" and "-" are taken in determining e, and ej, respectively.

In the range of waves X = 0.8 cm, we have taken into account
the influence of the illumination, created by the atmosphere, for
the plane-stratified model of a cloud-free atmosphere, charac-
terized by the dependence of the brightness temperature Ty on the
zenith angle z in the form

Ty (1 2) == (To — AT) (1 — e 7% (2)

Py -
VvV 40 € 70r
v A=08cm p
N
Q8 a8 2
Q6 Q6
Q4 = | S T | | ! . [

0 7 14 906, %a 70 80 5005
Fig. 1. Angular Dependence of Fig. 2. Angular Dependence of
the Mean Values of Emittance. the Mean Values of Emittance.
The Vertical Polarization X = The Vertical Polarization A =
3.37 em. 1,2: Computational 0.8 cm., 1,2: Computational
Values; 3,4: Experimental Data; Values; 3,4: Experimental Data;
Swell, 0 - 3 Points on the Swells 0 - 4 Points on the
Scale. Scale.
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Here Ty is the thermodynamic temperature of the atmosphere at the /21
surface of the Earth (sea) in degrees Kelvin, AT is the correction

to the nonisothermicity of the atmosphere, y is the value of ab-
sorption at the zenith, in nepers.

As the results of computation and the experimental data have
shown, the influence of illumination on the quantity e, for ver-
tical polarization in the range of angles 50° < 65 < 90° is in-
significant. Thus, according to the computational data, change
in vy from 0 to 0.2 nepers leads to an increase in ey by no more
than 3 - 5% in this range of angles.

As follows from the data cited, in the range of waves A = 3.37
cm, we observe a dependence of the size of the mean value of the
emission coefficient ey for the vertical polarization on the force
of the swell, especially in the region of the Brewster angle 6 =

80°, this being in agreement with the model representations. In-
creasing the swell will lead to a decrease in the emittance. The
dependence of the quantity gv in the range of waves X = 0.8 cm is
manifested more weakly and always has a unique character. The

region between curves 3 and 4 on Figure 2 represents the experimental
values of ey with swell from 0 to 3 points on the scale.

The observed divergence between experimental and theoretical
data, along with the errors in calibrating the apparatus and the
computational method used, may be explained apparently by the change
from one measurement to another of the parameters of swell and the
influence on the quantity Ev of atmospheric illumination and the
high-frequency components of the swell (especially in the range of
millimeter radiowaves). According to [4], for example, on the
surface of the sea, high-frequency gravitational (or capillary)
waves exist practically independent of the force of the swell with
a steepness of the slope on the order of 15 - 30°. The accuracy
of the experimental data is about 10%.

The authors wishes to express his appreciation to A.Ye.
Basharinov for guiding the research and for his valuable comments,
as well as to M.S. Krylovaya for participating in processing the
experimental data.
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THERMAL RADIATION AND REFLECTION FROM A ROUGH SEA
SURFACE IN THE MICROWAVE RANGE

K.S. Shifrin and S.N. Ionina

ABSTRACT: On the basis of the distribution
function of the area of the sea surface found
experimentally by Cox and Munk, the following
were obtained in this paper: the brightness
factor for a wind velocity of 10 m/sec, zenith
angles 0, 40, 70 and 80° and wave lengths 0.8,
1.35, 1.6, 3 and 8.5 cm; a simple analytical
formula which relates the emission coefficient
with the wind velocity and the emission coeffi-
cients for the wind velocities 0, 10 and 30
m/sec., the zenith angles 0, 40, 70 and 80° and
the wave lengths 0.8, 1, 1.35, 1.6, 3, 8.5 and
10 cm.

Introduction

In studying the transfer of microwave radiation in the atmos- /22
phere we must know the character of the emission and the reflection
of this radiation from real surfaces.

The surface of the sea is the largest surface on the Earth.
It is uniform in structure and its form depends on a small number
of parameters (mainly on the velocity and direction of the wind).
These facts make it the most important and suitable factor for spec-
ific computations.

A number of authors have investigated the reflection of elec-
tromagnetic waves from rough surfaces. Let us look briefly at
several of the theoretical papers on this subject.

L.M. Brekhovskikh [1] developed a method for solving problems
concerning the diffraction of waves on a surface with large recur-
ring irregularities. Included in the final form for the potential
are expressions which depend on the form of the surface and the coef-
ficient of reflection. In specific examples, we looked at the
smiplest case of a uniform surface with a xonstant coefficient of
reflection. We studied a sinusoidal surface and a surface repre-
senting a broken line in cross section.

The results of Brekhovskikh were generalized by Yu.P. Lysanov
[2] for the case when the reflecting surface is characterized by a
finite conductivity and by a complex dielectric constant. The re-
flection coefficient will then be a function of the angle of inci-
dence. The surface equation was given by the periodic function.
We studied a sinusoidal surface and a surface having a trochoidal
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profile.

M.A. Isakovich [3] studied the scattering of waves from a sta-
tistically uneven surface with irregularities that are large in
comparison with the wave length. The problem was solved in Kirch-
hoff approximation. The reflection coefficient here was also taken
equal to unity.

F.G. Bass [4] investigated the scattering of waves on a statis-
tically uneven surface with irregularities whose characteristic
dimensions are substantially less than the wave lenght. The problem
was solved using perturbation theory. The field on the surface was
expanded into a series based on the amount of the small deviation

from a smooth surface; and to determine the field in the entire re-/23

gion over the surface, a wave equation was used in integral form.

I.M. Fuks [5] solved the problem concerning reflection from a
rough sea surface for microwave radiation. The surface of the sea
was represented in the form of a small ripple on a large wave. The
method of perturbation theory here is combined with Kirchhoff's
methed. Unfortunately, the direct use of the results both of those
mentioned and of other investigations ([11]) for computing the char-
acteristic curves of reflection from the sea 1s impossible. Here
there are a number of reasons for this: the far reaching idealiza-
tion of the shape of the surface, the limitations of the theory by
the case of absolute reflection or back reflection (the problem of
active location) and the complexity and awkwardness of the formulas.

The computations which were made by us below are based on a
physically simple model. It seems to us that they improve the com-
putations based on the Fresnel formulas for a smooth sea. By eval-
uating of the region of applicability and their accuracy we hope
in the future to evaluate the range of applicability and their ac-
curacy by comparison with more precise schemes or with experiment.

1. Model of the Sea and the Computational Method.

The purpose of this research was to compute the reflection of
centimeter waves from the surface of the sea. We shall make this
computation in approximation of geometric optics. As the sea sur-
face lets us assume a rough surface consisting of a set of smooth
areas, the distribution of the normals to which is described by the
formula, used by Cox and Munk [7]. They studied the brightness
distribution of solar glitter on the surrace of the sea. The aver-
age brightness of the sea surface in the vicinities of a given point
is due to the frequency of appearance of the area required for re-
flection of light to the observer, and the desired function of dis-
tribution of slopes was found from this frequency. This model was
used earlier by Yu. Mullamaa [6] who was concerned with the reflec-
tion of light from statistically uneven surfaces.
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The conditions of applicability of our model are:

1. Diffraction at the edges of the area is ignored. This can
be done if the length of the irregularities on the sea surface is
much larger than the wave length of the emission. With a wind speed
of 10 m/sec. (this is the mean value for the Pacific Ocean) the
height of the wind waves is on the order of 2 m [8]. We know from
observations that the ratio of the height of sea waves H to their

length L usually lies in the range 2; < g < _L . This means

that L lies in the range of 14 - 40 m. Thus L>>A (X is the length
of the electromagnetic wave). We can ignore the influence of the
ripple since Fuks [5] showed that at angles of sighting near the
vertical, the intensity of the reflected signal in first approxima-
tion is determined by large-scale irregularities.

With measurements from aircraft and from artificial Farth sat-
ellites, the vertical directions are the most significant ones.

Moreover we know that approximation to geometric optics occurs

more rapidly as the reflection coefficient is larger. This is im-
mediately evident from [9] (Tables 18, 22 and 23) where the scatter-
ing of electromagnetic waves on the globe is studied. The ratio of

approximate values of intensity to the precise ones for an angle of
scattering of 90° for m=1.33 will be 0.14, 0.40 and 0.74, respectiv-
ly for p, equal to 10, 30 and 60 fp = 2ma ), whereas for m = «© even
with p = 10 we have 0.95. A

2. The Cox-Munk distribution function must be suitable for all/2h
seas; it has been obtained for the region of Hawaiian Islands. The T
form of this function may be affected by salinity, temperature and
other factors which we are also ignoring.

3. The effect of foam can also be ignored.
2. Goemetric Relationships and Basic Computational Formulas

Let us look at the basic geometric relationships of our problem
(Fig. 1).

Let us choose a system of rectangular coordinates with the cen-

ter at point o, from which the reflection is studied. The plane
xoy is horizontally inclined, the y axis is opposite the direction
of the wind, the z axis is directed upward. 6; and ¢; are the po-

lar angle and the azimuth of the direction of observation, €' and
¢' are the polar angle and the azimuth of the incident beam 6pn and
¢, are the polar angle and the azimuth of the normal to the select-
ed area on the surface of the sea, x is the true angle of incidence.

The distribution function has a form that differs from the or-
dinary normal distribution with coefficients that depend on the
wind velocity,
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¢4 =10,40,

Cyp 20,12, 5, =0,23,

v is the wind velocity in m/sec.

Since, during observations from aircraft or from artificial /25
Earth satellites, we do not always know the direction of the wind
over the sea, we shall assume all wind directions to be equally
probable and we can average P(zy', zyv) for the direction of the
wind. As a result of the averaging, the odd powers of n disappear.

We find
P(zy,2y)=(@nt) " exp~ & @+ ) [1 4 e, @ — 62 +3) 4

1 1 0
Fre@— D0 =D+ gra =643+, ()
2. 2.7 02+02
where §=_f§_, n=-Y., =210 = 200015+ 254-10= o,
o o] 2
Cl:LQCOA.’ C1=0.315, CZ=00121 Co—=C22.

The basic formula for the intensity of reflected radiation is

S =sec0, jP (2, 2, ) cosy sect0,R (1) S’ sin0,do, dy, . ()
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The energy coefficients of reflection R(¥x) were determined from the
Fresnel formula. They depend on the true angle of incidence yx and
the refractive index and the absorption coefficient n and k. S' is
the intensity of the incident current. Later on in the computations
we shall assume it to be equal to unity. The integral is selected
for 6pn and ¢pn, respectively, in the range from 0 to =7 and from O

to 2m, but in such a manner that the true angle of incidence x does
not exceed 7.

Let us cite the wave lengths for which the computations were
made and the optical constants corresponding to them when t = 17°
and the salinity is 4%.

A CMevaeoeo.n 0.8 1 1.35 1.6 3 8.5 10
Tle o veeeonns 5.28 5.86 6.63 7.04 8.3 8.82 8.94
Keveooooonn 3.1u 3.07 2.98 2.84 1.97 0.95 0.95

The dielectric constant € and the conductivity o depend on tem-
perature and salinity, as well as do the optical constants n and «x:

(7)

Thus, when the temperature varies by 5°, x may vary by an order
of magnitude of 10%, n varies less, approximately by 2%. Here the
Fresnel coefficient of reflection varies by 0.7% (for normal inci-

dence).

When the salinity (fresh water) varlies from zero to 4%, k may
vary by 2 times, and n by 10%, the Fresnel coefficient of reflection
by 15% (for normal incidence). Therefore for measuring the effect /26

associated with a swell, more stable values are possibly needed for
the temperature and salinity.

3. Coefficients of Brightness of a Rough Sea
in the Microwave Range.

We computed the coefficients of reflection r (01, 8, 6'¢"') for
the angles 61 from 0 to 80° and wind velocities of 10 m/sec.

From the tables for the coefficients of reflection (See the
Appendix) it is obvious that the lines of equal intensity in first
approximation agree with the isoclines 6p, ¢pn. From this it is clear
that they depend most strongly on the probabilities of slope of the
surface elements and more slightly on the coefficients of reflec-

tion.
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270°

— ——2

Fig. 2. Isophotes of Brightness for v = 10 m/sec,
81 = 70°, ¢; = 0° (1) and v = 10 m/sec, ©7 = LO0®, ¢1 = 0° (2).

From comparison of Figure 2 (curves 2) and Figure 3 we make
the obvious conclusion that the directionality of the reflection
decreases with increase in wind velocity. The greater the velocity
of the wind, the wider will be the cone of the reflected beam and
the sooner will the line of equal intensity become cpen. Here the
maximum of brightness is shifted relative to the angle of mirror
refliection and the horizon becomes most vivid.

With an increase in the zenith distance 871, the angular dimen-
sions of the isolines 6, and ¢ decrease and this produces a de-
crease in ths solid angle of the reflected current.

From comparison of curves 1 and 2 on Figure 2 it is clear that/28
at larger angles of sighting the reflection from a rough surface is
more directed. Quantitatively the width of the light cone w can
be defined as the greatest angular distance between polints having
azimuths ¢' and 360 - ¢' and corresponding to a brightness of I =
0.1 Ig (Ip is the brightness at a point representing mirror reflec-
tion). Figure 4 shows how the cone is compressed with increase in
the zenith distance 83, and when 6; = const the cone is expanded
with Increase in wind velocity.
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Fig. 3. JIsophotes of Brightness for
v = 30 m/sec., 67 = 40°, ¢; = 0°.

w

160
120
80

40

0 10 20 0 m/sec

Fig. 4. Dependence of w on Wind Velocity for
Three Values of the Angles of Sighting.
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4. Emission Coefficients of a Rough Sea
for Centimeter Radiation

The emission coefficients of a rough sea are computed from the
formula

I=1—sech j‘ P(zy, 2y )cosy sect0,R (y)sind,d0,ds, . (8)

This integral can be easily computed by the method of steepest
descents!:

™
0 2n )
1o Seeh
[=1 2“2‘idﬂ'gL\pl —5~cr—’x

1 ¢ . . 1 ¢ ,
X [ 51 i 18 0 (cosy, -+ sinty,) 4 - - tan' 0, sin, cos?e, —

1 120, 1
= g (et o) FE A e+ ) 1 cos g sect 0,R (1) sin ,d,

Let us denote y = tan 6,, y1 = tan 6, % = 0.0015 + 2.54'10-3v.
Then
2 o _ ay?
sec ‘ ,
I=1— “26; 'j;dzp,,é e y(cos B, -+ ysind, cosq,) X
X (1,109 — 0,109ay? + 0,014y R (1) dy =1 —
211: = _ ay?
2 d . d2 2
__2“_(1,109 + 02180~ 40,0560 o )}) ds, j) e y(i+
3 1
4 yy,cosp,) kdy =1 — %—(1.109-{—0.21&; L+
@\, ¢ -
+0.08652 ) | e, | &” T2y IRGH) RGO+
0 0
IR — RO yyrcos e,} dy,
1

We thank B.A. Bolchok who pointed out this fact to us.
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where xT and x~ are determined respectively from

cos yt=cos6,c0s 0, + sinb,sin b, cos ¢,
cos y~ ==co0s 8,cos b, — sin b, sin b, cos ¢, ,

(the angle ¢; is assumed equal to zero).
Since the effective values tan 6pn and cos ¢, are equal respec-/29

tively to _1 _and _1_, we find
/a /2

cosd; 4 ;I:Shlﬂ
[=1—0,502 (1 -y tant, )R ]/2’ :

Vax }/T;jg +
~ B (9)
tand, cos 8, — }/ ;_.gsin 0; 5 ]
H= T/ -
o

For the angle of sighting 67 = 0°, we find

]/1_;.% (10)

when, by expanding into a series over the small quantity é, we
obtain a linear dependence of the intensity of reflected radiation
on the wind velocity

I==1—(R(0)4-(0.0015+ 2,54 - 10730) R (0) .. .).

For the wind velocity v = 10 m/sec., we find

1080l “cos 0; - 0,116 sin 0
I=1 o.oozl(1+o,116tan ol)/e[__.wl_ ot "I'H

(11)

+(1 — 0,116 tan 0,) R

cos b 0,116 sln 8, 7 |
o 1,014 J
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Comparison of the computations made using the method of steep-
est descents and numerical integration gives an error in the method
of steepest descents of approximately 1%.

The computations were made for two wind velocities, 10 and 30

m/sec. The wind velocities v = 30 m/sec were taken to find the
asymptotic results, since with such a velocity the Cox-Munk distri-
bution is probably not valid. The results of the computations,

found in the Table of Emission Coefficlents, show that for small
81 with an increase in wind velocity, the Ig-~component of the emis-
sion coefficient is decreased and the Ip-component is #ncreased;
the dependence of Iy and Ip on the wind velocity is linear, with

small angular coefficients., Thus, for v = 10 m/sec., when 85 = 0°,
Is drops by 1.5% and I, increases by 1% in comparison with a smooth
surface, In the region 67 = LO0°, Ig and I, are virtually indepen-

dent of the wind velocity.

For large values of 6;, the I - component increases, and the
I -component decreases with increase in wind velocity. For v =
18 m/sec, with 6; = 80°, Ig increases by 37% and I, drops by 10%.

Such a result is physically understandable. With small values
of 83 when swells are in evidence, the reflected beam includes the
contribution of the beam with large angles of incidence and with
large values of 6; we have small angles of incidence. The decrease/30
in Ip near the Brewster angle can be explained by the fact that the
contribution both of the small and the large angles of incidence
leads near this angle to a decrease in Ip.

Thus, with an increase in wind velocity, the difference between
small and large angles of observation is smoothed out, as we would

expect.
Conclusions
From the results obtained we can make several conclusions.

If it is necessary to get rid of the influence of swells (in

the experiments) we can use circular polarization with 6; = 0°.
For these purposes the angle 6; = 40° 1is suitable, since the
Ig-and the Ip- components for 8; = H0° are virtually independent

of wind velocity.

If, on the other hand, we must determine the wind velocity
from the character of the emission, we must make the measurements
of Ig and Ip with large values of 0;.

For €; = 0° the quantities Iy and Ip for a zero wind velocity

(smooth surface) may be found as Is + IE for a rough surface. If
2
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we know that the dependence of I; and I, on the wind velocity is
linear, for 6; = 0°, we can find the wind velocity from the exper-
imental values of Ig and Ip, although it is true that the accuracy
of such determinations will be very low. To increase this accuracy
we must use data for large values of 8;.

TABLE OF EMISSION COEFFICIENTS

o | 0, ==0° 0, = 40° =700 | 0=
M . o S
m/sec I 1, I 1, Is I 1, I ’ In
0 0,8 0,428 | 0,428 | 0,339 | 0,526 | 0,140 | 0,825 | 0,046 [ 0,936
10 0,8 0,421 | 0,431 | 0,335 | 0,529 | 0,153 | 0,797 | 0,086 i 0,894
30 0,8 0,430 | 0,440 | 0,330 | 0,534 | 0,176 | 0,739 | 04135 I 0,836
0 1 0,415 | 0,415 | 0,337 | 0,503 ] 0,168 | 0,701 | 0,089 | 0,935
10 1 0,400 | 0,416 | 0,332 | 0,506 | 0,177 & 0,763 | 0,110 1 0,826
30 1 0,400 | 0,425 | 0,330 | 0,510 . 0,193 | 0,716 | 04150 | 0,801
P |
0 1,35 1 0,396 | 0,396 | 0,321 i 0,182 0,159 0,773 @ 0,081 ! 0,937
10 1,35 | 06390 | 0,399 | 04315 | Oginy ; 04160 0,745 | 0405 0,020
30 1035 | 0,382 | 04105 | 0,315 | 0,490 ' 0a188 | 0,700 = 0,172 ° 0,750
0 1.6 0,388 | 0,383 | 0,314 | 0474 ' 0,155 ' 0,765 | 0,082 © 0,930
10 1a6 0,381 1 0,390 | 0,310 | 0,476 | 0,163 « 0,741 | 04110 | 04621
30 1,6 0,375 | 0,399 | 0,310 | 0,480 | 0,184 | 0,601 | 04165 | 0476t
0 3 0,371 | 0,371 | 0,295 | 0,451 | 0,147 | 0,750 | 0,078 1 0,950
10 3 0,365 | 0,372 | 04205 | 0,456 ; 0,155 @ 0,725 | 0,103 & 0,821
30 3 0,358 | 0,380 | 0,203 | 0,161 { 0,174 = 0,681 | 0,155 | 0,745
0 8,5 0,365 | 0,365 | 0,204 | 0,417 | 0,144 : 0,743 | 0,076 | 0,949
10 85 0,358 | 0,366 | 0,290 | 0,119 ! 0,152 : 0,723 | 0,100 | 0,829
30 8,5 0,351 | 0,374 | 0,289 | 0,455 | 0,171 ’ 0,678 | 0,155 | 0,738
0 |10 0,362 | 0,362 | 0,201 | 0,443 | 0,143 | 0,738 | 0,075 | 0,922
10 |10 0,355 | 0,363 | 0,286 | 0,445 | 0,150 l 0,715 | 04090 | 0,817
30 |10 0,348 | 0,370 | 0,285 | 0,450 | 0,169 | 0,666 | 0,154 | 0,729
£ - l .
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APPENDIX

Tables of Brightness Coefficients

rs'102, Y'p'102

6,=0
- __ A cM

0 ) 0,8 1,35 1,6 3,0 8,5

s 'p r's r,, rs rp r's p rs rp
0 1436 | 1,35 | 1,44 | 1,43 | 1,45 | 1,45 | 1,50 | 1,50 | 1,51 | 1,51
2 1435 | 1,34 | 1,43 | 1,42 | 1,45 | 1,45 | 1449 | 1,49 | 1,50 | 1,50
4 1,34 | 1,34 | 1,41 1,41 1ed3 | 1,43 | 1447 | 1,47 | 1448 | 1,48
6 1630 | 1429 | 1,37 | 1,36 | 1,38 | 1,38 | 1,42 | 1,42 | 1445 | 1,41
8 124 | 1,240 1,31 1,31 | 1,33 | 1,33 | 1,37 | 1,36 | 1,38 | 1,38
10 1,17 ] 1016 | 1,23 | 1,23 | 1,25 | 1,24 | 1428 | 1,28 | 1,30 | 1,29
20 0,82 | 0,81 | 0,86 | 0,85 | 0,88 | 0,86 [ 0,50 | 0,89 | 0480 | 0,90
30 0045 | 0443 | 0,47 | 0,45 | 0,47 | 0446 | 0,49 | 0,47 | 0,49 { 0,48
40 0013 | 0,12 | 0,13 | 0,13 | 0,13 | 0,13 | 0,11 | 0,13 | 0,14 | 0,13
50 0404 | 0,04 [ 0,04 | 0,04 | 0,04 | 0,0% | 0,04 | 0,04 | 0,0¢ | 0,01
60 0,01 | 0,01 | 001 | 0,0l | 0,0l i 0,0l | 0,01 | 0,0l | 0,01 | 0,01
70 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
80 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0400 | 0,00 | 0400 { 0,00 | 0,00

6, =40°, A=0,8 e
_ = L
o 0 10 20 30 ’ 40 50
. . - el .
rs rp rs Iy rs rp rs rp ] rg rp rs rp
! ! )
| ! |
0 | 0,210,191 0,21 | 0,19 | 0,21 ! 0,19 t 0,21 1 0,19 0,21 | 0419 1 0,21 ‘ 0,19
10 10,05 | 0,05 | 0,05 ] 0,05 | 0,05 . 0,05 ; 0,06 | 0,05 5,07 { 0,07 : (,08 " 0,07
20 | 0401 | 0,01 | 0,01 | 0,01 0,01 0,01 { 0,02 10,02 0402} 0,02 | Ug0s 0403
30 | 0,00 | 0,00 | 0,00 ' 0,00 | 0,00 ' 0,00 - 0,00 | 0,00 0400 : 0,00 | Qi 0,00
32, ; ; : ’ ‘ 0,01 0400
34 | { ' , ' 1 0,00 | 0400
KP'

6 60 70 80 90 100 110

rs rn rs Iy rs r'p rs ' rs Iy rs 'y
0 10,21 | 0,19 | 0,21 [ 0,19 | 0,21 | 0,19 | 0421 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19
10 [ 0,10 | 0,09 | 011 | 0,10 | 0414 [ 0,13 | 0,15 | 0,14 [ 0,17 | 0,16 | 0,23 | 0,21
20 10,04 0,04 | 0,04 | 0,04 | 0,06 | 0,06 | 0,00 | 0,00 | 0,11 | 0,10 | 0,18 | 0,16
30 | Q01| 0,01 | 0,01 | 0,01 | 0,02 | 0,02 | 0704 | 0,04 | 0,07 [ 0,06 | 0,13 | Og11
32 10,01 | 0,01 | 0,01 | 0,01 ]0,02| 0,02 | 0,037 0403} 0,05 | 0,05 | 0,11 lo,10
34 01 | 0400 | 0,01 | 0,01 | 0,01 | 0,01 | 6,02 | 0,02 | 0,05 | 0,05 | 0,09 | 0,03
36 | 0,01 | 0,00 | 0,01 | 0,01 | 0,01 | 0,01 | 0,02 | 0,02 | 0,05 | 0,04 | 0,08 | 0,07
38 | 0,00 | 040Q | 0401 | 0,00 | 0,01 | 0,01 | 0,02 | 0,02 | 0,02 | 0,02 | 0,07 | 0,08
40 0,00 | 0,00 | 0,01 | 0,01 | 0401 | 0,01 | 0,02 | 0,02 | 0,05 | 0,05
42 0,01 | 0,00 | 0,01 | 0,01 | 0,02 | 0,02 | 0,01 | 0,04
44 0400 | 0,00 | 0401 | 0,01 | 0,01 | 0,01 | 0,04 | 0,03
46 0,01 | 0,00 | 0,01 | 0,01 | 0,03 | 0,02
48 0,00 { 0,00 | 0,01 | 0401 | 0,02 | 0,02
50 0,01 | 0,00 | 0401 | 0,01
60 0,00 | 0,00 | 0,00 | 0900

~
w
V]




?I
or 120 130 140 150 160 170
rs r,, I's r,, rs r,, r's ’p rs rp I's rﬂ
0 0,21 10,19 0421 [ 0,19 | 0,21 | 0,19 | 0421 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19
10 | 0227 | 0324 | 0432 | 0327 | 0238 | 0431 | Ogt1 | 0340 | 0546 | 0s44 | 0,49 | 0346
20 | 0228 | 0,23 | 0439 | 0,35 | 0354 | 0447 | 0,85 | 0372 | 1203 | 0,75 | 1420 | 0.89
30 | 0318 | 0116 | 0,35 | 0331 | 0,59 | 0946 | 1001 , 0480 | 1.36 | 1,09 | 1281 | 1.45
32 | 0018|0716 | 0333 { 031 | 0355 | 0,46 | 1302 | 0,81 | 1350 | 1018 | 1291 | 1750
34 | 0717 | 0714 | 0030 | 0925 | 0454 | 043 | 0,95 | 0,79 | 1,53 | 1018 | 1399 | 1255
36 | 0716 | 0013 | 0730 | 0424 | 0439 | 0939 | 0397 | 0376 | 1356 | 1217 | 2007 | 1958
38 | 0,14 | 0,12 | 0327 | 0024 | 0447 | 0037 | 0392 | 0069 | 1052 | 1213 | 2008 | 1758
40 | 0713 | 0097 0,22 | 0518 | 0,45 | 0534 | 087 1 0767 | 1048 | 1510 | 2009 | 1755
42 10,10 | 0508 | 0710 | 0016 | 002 | 0a31 | 0982 | 0356 | 1041 | 1506 | 2311 | 154
44 | 0,08 | 0506 | 0318 | 0114 | 0037 | 0,20 | 0380 | 0,55 | 182 | 1502 | 2207 | 1049
46 | 0,06 | 0,04 [ 0,16 | 0512 | 0,34 | 0521 | 0470 | 0,52 | 1536 | 0296 | 2,06 | 1442
48 | 0505 | 0504 | 0716 1-0,10 | 0730 | 0522 | 0a62 | 0446 | 1933 | 093 | 1296 | 1734
50 | 0504 | 0,04 | 0511 | 0508 | 0u25 | 0817 | 0,52 | 0,37 | 1513 | 0785 | 1089 | 1032
60 | 0,01 | 0701 | 0,03 | 0303 | 0210 | 0308 | 0520 | 0219 | 0,58 | 0233 | 1721 | 0273
70 | 0,00 | 0500 | 0,01 | 0500 | 0303 | 0402 | 010 | 0505 | 0525 | 0314 | 0254 | 029
80 0200 | 0,00 | 0301 | 0,00 | 0502 | 0l01 { 0205 | 0703 | 0722 | 0708
90 0500 | 0,00 | 0400 | 0300 | 0500 { 0500 | 0501 | 0]01
?I
o 172 174 176 178 ! 150
rs p r's "y ry "p Iy ' "n rg p
0 | 0,20 ] 0,19 | 0,21 | 0419 [ 0,20 E W19 | 0,21 | q19 | 0,21 | 0,19
10 | 0049 | 0347 | 0.50 | OL18 | 0.5 ' 0L i8 | 0252 | 0419 | 052 | 0549
20 | 1021 | 0092 | 1,23 | 0796 | 1a25 | 101 | 1096 | 1905 | 1427 | 1010
30 | 1,89 | 1,51 | 1296 | 1058 | 201 | 1.63 | 2,06 | ie61 | 2007 | 1765
32 | 2001 | 1558 | 2011 | 1067 | 219 | 1372 | 2822 | 1375 | 2093 | 1275
34 211 | 1365 | 2,22 | 71 | 2427 | 1,77 | %30 | 1,78 | 2031 | 1579
36 | 217 | 1766 | 2027 | Is74 | 235 | 181 | 2,38 | 1982 | 2030 | 1983
38 | 218 | 1065 | 2.28 | 174 | 2,40 | 1079 | 2041 1a81 | 2042 | 181
10 | 219 | 1,61 | 2,29 | 1,72 | 241 | 179 | 2445 1,81 | 2345 | 1081
42 | 2720 | 1059 | 2032 | 1068 | 244 | 1,77 | 2016 ' 177w | 2047 | 1079
44 | 2,92 | 1258 | 2034 | 1965 | 2,43 | 1472 | %47 0 1375 | 2248 | 1977
46 | 2016 | 1,50 | 2.3+ | 1964 | 2043 | 1a70 | 246 | 1372 | 2547 | 1073
a8 | 2006 | 1742 | 2019 | 4349 | %29 | 1,57 | @31 | 1961 | 9%36 | 1062
50 | 9200 | 1036 | 2000 | 4941 | 2418 | 148 | 2925 | 1i51 | 2507 | 1352
60 | 1527 | 0,75 | 1035 | 0,80 | Ioi1 | 0981 | 112 § 0i83 | 1043 | 0l84
70 | 0,57 | 0530 | 0.59 | 0031 | 0.61 | 0,31 | 0,62 | 0,31 | 0,63 | 0.3l
80 | 0223 | Q.09 | 0,21 | 0010 | 095 | 0,10 | 0.25 | 0.10 | 0,26 | 0411
9 | 0,07 | 0J01 | 0,07 | 0501 | 0,08 | 0502 | 0,08 | 0:02 | 0,08 | 0,02
8; =40°, % ==1,35 cy
?/
or 0 10 20 30 40 50
rs r,, rs rp r's ‘ fp r's ‘ I'p r's ‘ l‘/7 I's { rp
0 | 0,21 | 0,19 ] 0,21 | 0,19 | 0,21 { 0.19 | 0,21 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19
10 | 0,05 | 0,05 | 0,05 | 0505 | 0,05 | 0305 | 0,06 | 0,06 | 0,07 | 0,07 | 0,08 | 0,07
20 | 0,01 | 0,01 | 0,01 [ 0,01 | 0,01 | 0,01 { 0502 | 0,02 | 0,02 | 0702 | 0,03 | 0703
30 | 0,00 | 0,00 [ 0,00 | 0,00 | 0,00 { 0400 | 0400 | 0,00 | 0500 | 0,00 | 0,01 | 0,00
32 0.01 | 000
31 0,00 | 0500
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60 70 80 90 100 110
rs rp rs rp rs rp rs rp rs p rs 7
0,21 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19
0,10 | 0J09 | 0,11 { 0,10 | 0,14 | 0,13 | 0,15 | 0,14 | 0,17 | 0,16 | 0,2 | 0,21
0,04 | 0504 | 0,04 | 0,04 | 0506 | 0,06 | 0,09 | 0,09 | 0,11 | 0,10 | 0418 | 0,16
0,01 | 0,01 | 0501 | 0,01 | 0,02 | 0,02 | 0,04 | 0,04 | 0207 | 0,06 | 0,13 } 0,11
0,01 | 0401 | 0,01 [ 0,01 | 0,02 | 0,02 | 0,03 | 0303 [ 0505 | 0,05 | 0,11 | 0,10
0,01 | 0,00 | 0301 | 0,01 | 0,01 { 0,01 | 0,02 [ 0,02 | 0,05 | 0,05 | 0,09 | 0,08
0.01 | 0400 | 0,01 | 0,01 | 0,01 | 0,01 | 0,02 | 0,02 | 0,05 | 0,04 | 0,08 { 0,07

0,01 | 0,00 | 0,01 { 0,01 | 0,02 | 0502 | 0,02 | 0,02 | 0,07 | 0,06
0,00 | 0,00 | 0,01 | 0,01 | 0,01 | 0,01 | 0,02 | 0,02 | 0,05 | 0,05
0,01 | 0,00 | 0,01 | 0,01 | 0202 | 0,02 | 0,04 | 0504
0400 | 0,00 | 0,01 | 0,01 | 0501 | 0,01 | 0;0+ | 0,03
0,01 | 0,00 | 0J01 | 0,01 | 0,03 | 0,02
0,00 | 0,00 | 0,01 | 0,01 | 0,02 | 0,02
0,01 | 0,00 | 0,01 | 0,01
1 0,00 | 0,00 | 0,00 | 05300
CP,

120 130 140 150 } 160 170
rg rp rs ry re rp rs | p l rs [ rp ry r,
0,21 | 0,19 | 0,21 | 0619 | 0,21 | 0,19 | 0,21 | 0,19 | 0,21 [ 0,19 | 0,21 | 0,19
0,28 | 0,24 | 0,33 | 0,28 | 0,40 | 0032 | 0,43 | 0,42 | 0,48 | 0,46 | 0,52 | 0,48
0,29 | 0723 | 040 | 0,37 | 0,57 | 0249 | 0,90 | 0,76 | 1,09 | 0,79 | 1,26 | 0,94
0,18 | 0,16 | 0536 | 0,32 | 0,62 | 0,48 | 1,07 | 0¢84 | 1,43 | 1,15 | 1,91 | 1,53
018 | 0,16 | 0,34 | 0732 | 0,58 | 0,48 | 1,08 | 0,85 | 1,58 | 1,25 | 2,01 | 1,58
0817 | 0,14 | 0,31 | 0,26 | 0457 | 0,46 | 1,03 | 0)83 | 1,61 | 1,25 | 2,10 | 1,64
016 | 0013 | 0031 | 0425 | 0,52 | 0,41 | 1502 | 0,80 | 1364 | 1,24 [ 2,18 | 1,67
0u14 [ 0012 | 0,28 | 0,25 | 0449 | 0,39 | 0,97 | 0,73 | 1560 | 1,19 | 2,19 | 1,67
Ov13 | 0,00 | 0023 | 0,18 | 0,48 | 0235 | 0,92 | 0,71 | 1,56 | 1,16 | 2,20 | 1,6¢
0,10 | 0,08 | 0,20 | 0416 | 0,44 | 0732 | 0,87 | 059 | 1352 [ 1,12 | 2,22 | 1,63
0408 | 0,06 | 0218 | 0,1+ [ 0239 | 0430 | 0,84 | 0,58 | 1,50 | 1,08 | 2,18 | 1,57
0,06 | 0,04 | 0016 | 0,12 | 0,35 | 0,25 | 0.74 | 0,55 | 1343 | 1,01 | 2,17 | 1,50
0405 | 0,04 | 016 | 0010 | 0531 | 0323 | 0,66 | 0,48 | 1,40 | 0,98 | 2,07 | 1,42
0,04 | 0,04 | 0411 | 0;08 | 0,26 | 0,17 | 0,55 | 0439 | 1,19 | 0,90 | 1,99 | 1,39
0,01 | 001 | 0,03 | 0503 | 0,10 | 0,08 | 0,30 | 0,20 | 0,61 | 0,34 | 1,27 | 0,77
0,00 | 0500 | 0,01 | 0,00 | 0,03 | 0502 | ‘0,10 | 0,05 | 0,26 | 0,14 | 0,57 | 0,30

0,00 | 0,00 | 0,01 | 0400 | 0,02 | 0,01 | 0,08 | 0,03 | 0,23 | 0,08
0400 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,01 | 0,01
(PI

172 174 176 178 180
rs rp rs rp rs I'p rs rp rs ry
0,21 | 0,19 , 021 | 0,19 | 0,21 | 0419 | 0,21 | 0,19 | 0,21 |,0,19,
0,52 | 0349 | "33 | 050 | 0,54 | 0,50 | 0,55 | 0,51 |.0,55 | 0,51
1,27 | 0,97 | 1,36 | 1301 | 1,32 | 1507 | 1,33 | 1,11 | 1,34 | 1,16
1299 | 1060 | 2,07 | 1,67 | 2015 | 1,72 | 2,17 | 1,73 | 2,18 | 1,74
212 | 1067 | 2,22 | 1,76 | 2,31 | 1,81 | 2434 | 1,85 | 2,35 | 1.85
222 | 174 | 2034 | 1,80 | 2,30 | 1487 | 2,42 | 1,88 | 2,43 | 1489
2,29 | 1075 | 2,39 | 1484 | 2,48 | 1,91 | 2,51 | 1,92 | 2,52 | 1,93
2930 | 1974 | 2040 | 1,84 | 2,53 | 1,89 | 2,54 | 1,91 | 2,55 | 1,91
2431 | 1073 | 2441 | 1,81 | 2,54 | 1,89 | 2,58 | 1,91 | 2,58 | 1,91
2,32 | 1,68 | 2444 | 1077 | 2257 | 1,87 | 2,59 | 1,88 | 2460 | 1,89

Lik



?‘!
g 172 174 176 178 180
rs rp ry ry, rs rp rs rp rs r,
44 234 | 1,67 | 2,47 | 1,74 | 2,56 | 1,81 | 2,60 | 1485 | 2,61 | 1,87
46 2028 | 1458 | 2,47 | 1973 | 2056 | 1079 | 2059 | 1,81 | 2460 1052

48 %17 | 1,50 | 2431 1,57 | 2441 1466 | 2,47 | 1470 | 2449 | 1471
50 211 | 1044 | 2420 | 1549 | 2030 | 1956 | 2937 | 1460 | 2,39 | 1,61
60 1034 | 0,79 | 1,43 | 0,85 | 1449 | 0,86 [ 1450 | 0,83 | 1451 ! 0,89
70 0,60 | 0931 | 062 | 0432 | 0,65 | 032 | 0,66 | 0432 | 0467 | 0432
80 024 | 0,09 | 0425 | 0,10 | 0426 | Gel0 | 0426 | V10 | 0,27 | 041l
90 0,07 | 0,01 | 0,07 | 0,01 | 0,08 | 002 | 0,08 | 0,02 I 0,08 | 0,02

i
012400, A:l.ﬁ CcM
O (F; =
6 0 10 20 30 40 50
rs r,, r's /‘,, I } I‘I, ! rs fp rs r,,
Il |

0 | 0,21 [ 0,19 0,21 | 0,19 | 0,21 | 0,19 | 0,21 ! 0419 | 0,21 : 0,19 | 0,21 | 0,19
10 | 0,05 | 0,05 | 0305 | 0505 | 0305 | 0405 0,06 | 0406 | 0,07 | 0,07 | 008 | 0,07
20 | 0401 | 0,01 | 0,01 | 0401 | 0401 | 0402 | 0,02 i 0202 | 0,02 & 0,02 | 0503 | 0403
30 10,00 0,00 | 0,00 0,00 ! 0,00 0400/ 0,000l 200 | 0,00 : 0,00 | 0,01 | 0,00
32 5 ; 0501 | 0500
34 | 1 0,00 | 0,00

‘?l
o 60 70 80 20 100 110
s fp r's I"p I's I'p rs I‘p rs l I‘p I's I’p
I !

0 | 0421 | 0419 | 0,21 | 0,19 | 0,21 | 0,19 | 0,21 | 0,19 | 0421 | 0,19 | 0,21 | 0419
10 | 0f10 ] 0,09 | i1t 0,10 | 0314 | 0,13 | 0,15 { 0,14 1 4,17 0 16 | 0,24 | 0,21
20 10404 | 0404 | 0,04 | 0,04 | 0,06 | 07061 0,09 | 0409 | Og11 | 0310 | 0,18 | 0,16
30 | 0401 | 0,01 | 0,01 | 0,01 | 0402 | 0902 | 0404 { 0,04 | 0,07 0506 0,13 | 0,11
32 | 0,01 | 0,01 | 0201 | 0 ,01 | 0,02 | 0,02 | 0,03 0303 | 0205 | 0905 | 0311 | 0410
34 | 0,01 | 0,00 | 0501 | 001 0,01 | 0,01 | 0,02 | 0402 | 0405 | 0,05 | 0609 | 0408
36 0 01 | 0,00 | 0,01 | 0401 | 0401 | 0,01 | 0,02 | 0402 | 0405 | 0804 08 | 0607
38 0,01 | 0,00 | 0,01 | 0,01 | 0,02 | 0402 | 0,02 | 0,02 | 0,07 | 0,06
40 0,00 | 0,00 | 0,01 | 0,01 | 0,01 | 0,01 | 0,02 | 0402 | 0405 | 0405
42 0400 | 0,00 | 0,01 | 0401 | 0,02 | 0,02 | 0,04 | 0404
44 0,00 | 0,00 | 0,01 | 0,01 | 0,01 | 0401 { 0,04 | 0,03
46 0,01 | 0,00 | 0,01 | 0,01 | 0403 | 0,02
48 0400 | 0,00 | 0,01 | 0,01 | D02 | 0,02
50 0,01 | 0,00 | 0,01 | 0701
60 0,00 | 0,00 | 0,00 | 0300

QPI
0 120 130 140 150 160 170
rs rp rs rp rs r,, rs r,, rs fp rs l'p

0 | 021 | 0419 | 0421 | 0,19 | 0,21 [ 0419 | 0421 | 0419 | 0,21 | 0419 | 0421 | 0,19
10 | 0529 | 0° o24 | 0,34 | 0,29 0 41} 0,33 | 0,41 | 0,43.| 0,49 | 0,47 | 0,53 0449
20 | 030 0:23 | 0342 | 0338 | 0f 358 | 0950 | 0592 | 0° o7 0,11 0,80 1,28 | 0,95

37

~~
w
o
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?"7
Y 120 130 140 150 160 170
rs p , rs rp rs rp rs |' ry rs ] n rs rp
30 | 0,18 | 0,16 | 0,37 | 0433 | 0,63 | 0,49 | 1,09 | 0486 | 1,46 "1.17 1,94 | 1455
32 | 0,18 | 0,16 | 0435 | 0,33 | 0,59 | 0,49 | 1,10 | 0,87 | 1,61 | 1427 204 | 1461
34 | 0417 | 014 | 0432 | 0426 | 0458 | 0447 | 1,05 | 0,85 | 1464 | 1,27 | 2,13 [ 1466
36 | 0,16 | 0,13 [ 0432 | 0,25 | 0,53 | 0442 | 1,04 | 0,81 | 1467 | 1426 | 2421 | 1,69
38 | 0,14 | 0,12 0,29 | 0,25 | 0,50 | 0440 [ 0,99 | 0,7 | 1463 | 1421 | 2,22 | 1,69
40 | 0413 | 0,09 | 0423 | 0418 | 0,49 | 0436 | 0494 | 0,72 | 1458 | 1418 | 2,23 | 1466
42 10,101 0,08 | 0,20 | 0,16 | 0,45 | 0433 0,88 1 0,60 | 1454 | 1911 | 2925 | 1465
44 | 0408 | 0,06 | 0,18 [ Oq14 | 0,40 | 0431 | 0,86 | 0,59 | 1452 | 1410 | 2421 1460
46 | 06 | 0,04 | 0,16 | 0,12 0436 | 0425 | 0,75 1 0,56 | 1446 | 1403 | 2420 | 1,52
48 | 0405 | 004 [ 0,16 | 0,10 | 0,32 | (423 | 0467 | 0,49 | 1442 § 0,99 | 2,10 & 144}
50 | 0,04 | 0,04 | 0,11 | 0,08 | 0426 | 0,17 | 0456 | 0440 | 1421 | 0,92 | 2402 | 1441
60 | 0,01 | 0,01 | 0,03 | 0603 | 0410 | 0,08 { 0431 | 0420 1 0462 | 0,35 | 1429 | 0478
70 | 0,00 | 0,00 0,01 | 0,00 | 0,03 | 0,02 | 0410 | 0405} 0426 | Ogld | 0458 1 0,31 .
80 0,00 | 0,00 | 0,01 | 0,00 0402 | Q01 | 0,08 | 0403 | 0423 ) 0,08
90 0,00 | 0,00 } 0,00 | 0,00 | 0401 | 0,01
—_— e - :P., — -
g7 172 174 176 178 180
rs rp rs rp re "p r, : rp r_“ l r,
0 0,21 0,19 0,21 Oy 19 021 0419 | 0,21 0,19 | 0,21 0,19
10 0,53 0,50 0,54 0451 On 55 Oe51 0,56 052 | 0,56 | 0452
20 1.29 0,99 1,32 1503 le31 1609 1635 1413 1436 1418
30 2,02 1,62 2,10 1469 2418 e 75 2620 ¢ 1,76 2421 1,77
32 2915 1,69 2425 | -1479 2434 TaBd | 2037 | 1488 2438 1,88
34 2425 1,77 24637 1483 Qed3 1900 | 2446 ‘ 1491 2447 192
36 2,32 1‘78 2,43 1486 2451 le G 251 | 1a95 2955 1,96
38 2,33 1,77 2,44 1,86 450 1492 | 2,57 | 1,91 2,58 1,94
40 2434 1,76 2,45 1,84 2957 1692 | 2,61 | 1,94 | 2,61 1,94
42 2435 1,70 2,48 1480 2461 1,90 | 2462 | 1,91 2,63 1,92
44 ;1 2,37 1,69 2,50 1477 2460 1484 | 2,63 I 1488 | 2464 1,90
46 2431 1,61 2,50 1476 2460. 1¢82 | 2462 ’ 1481 2463 1485
48 2420 1,52 2,34 1460 2¢45 1468 2450 1673 | 2,52 1474
50 2414 1,46 2,23 1,51 2433 1458 2440 1462 | 2443 . 1463
60 1,36 0,80 1,45 O 86 1451 *] 0487 1,52 | 0,89 1,53 1 (91
70 0,61 0,32 0,63 0433 0,66 0433 | 0,67 0433 | 0,68 | 0433
80 0,24 0,09 0,25 0,10 0427 0,10 | 0427 | 0,10 | 0,28 Oe11
90 0,07 O‘Ol 0,07 0401 0408 0,02 | 0,08 | 0,02 | 0,08 | 0,02
6, =40°, 2=3 cu
?f o
g 0 10 20 30 40 50
rs rp rs rp rs rp rs rp rs 1.7 rs ! ryt
0 [0,22(0,20( 0,22 0,20 0,22 | 0,20 | 0422 | 0,20 | 0,22 | 0,20 | 0,22 ‘ 0420
10 [ 0,05 | 0,05 | 0,05 | 0405 0,05 | 0,05 | 0,06 | 0,06 | 0,07 | 0,07 | 0,08 0,07
20 | 0J01 Q010,01 ]0,01]|0,01|0,0110,02]0,02]|0,02) 0,02 0,03 ! 0,03
30 | 0,00} 0,00 Q00| 0,00]|0,00/ 000 0,00 | 0,00 [ 0,00 | 0,00 | 0,01 | 0,00
32 0,01 10,00
34 0,00 | 0,00




9
or 60 70 80 90 100 110
rs rp re p rs rp rs rp rs rp rs rp
0 |0,2210,20 | 0,22 0,20 | 0,22 | 0,20 | 0,22 | 0,20 | 0422 | 0,20 | 0,22 | 0420
10 10,10 | 0209 | 0,11 | 0,10 | 0,14 | 0,13 | 0,15 | 0,14 | 0,17 | 0,16 | 0,25 | 0,22
20 | 0,04 | 0J04 | 0,04 | 0,04 | 0,06 { 0,06 | 0509 | 0,09 | 0311 | 0210 | 0319 | 0716
30 | 0,01 | 0,01 | 0;01 | 0,01 | 0,02 | 0,02 | 0204 | 0,04 | 0,07 | 0306 | 0,13 | 0,11
32 | 0,01 | 0,01 | 0701 | 0201 | 0;02 | 0702 | 0703 | 0503 | 0305 | 0305 | 0,11 | 0,10
311 0,01 | 000 | 0,01 | 0,01 0L01 | 0,01 | 0002 | 0302 | G305 | 0705 | 0700 | 0,08
0,00 | 0; .01 | 020 0,02 | 0202 | 0,05 | 0204 | 0J08 | 0707
38 | ° *"" | og01 | 0700 | 0701 | 0501 | 0502 | 0502 | 0502 | 0502 | 0707 | 0306
40 0200 | 0200 | 0501 | 0,01 | 0201 | 0,01 | 0502 | 0,02 | 0305 | 0,05
42 0.01 | 0200 | 0501 | 0701 | 0,02 | 0,02 | 0504 | 0,04
44 0,00 | 0,00 | 001 | 0,01 | 0701 | 0,01 | 0,04 | 0,03
46 0.01 | 0,00 | 0301 | 0,01 | 0,03 | 0502
48 0,00 | 0,00 | 0,01 | 0J01 | 0,02 | 0202
50 0,01 | 0,00 | 0,01 | 0501
60 0,00 | 0,00 | 0,00 | 0300
tP,
0 120 130 140 150 160 170
rs r,, rs fp r's f,, I's I'p rs I'p rs rl,
0 [0,22]0,20]0,2210,20]0,22|0,20 | 0,22 | 0,20 | 0,22 | 0,20 | 0,22 | 0,20
10 | 0730 | 0725 | 0,35 | 0,30 | 0742 | 034 | 0,45 | 0,44 | 0,50 | 0348 | 0,54 | 0,50
20 | 0031 | 0324 | 0.43 | 0039 | 0160 | 0J51 | 0,94 | 0379 | 1014 | 0,82 | 1232 | 0.98
30 | 0,19 ] 0,16 | 0,38 | 0034 | 0,65 | 0550 | 111 | 088 | 1749 | 1319 | 1299 | 1760
32 | 0019 | 0,416 | 0036 | 0334 | 0,61 | 0.50 | 1,12 | 0389 | 1065 | 1,30 | 2710 | 1065
34 | 0017 [ 0014 | 0533 | 0,27 | 0560 | 0748 | 1,08 | 0087 | 1369 | 1,30 | 2019 | 1371
36 | 0016 | 0,13 | 0033 | 0526 | 0454 | 0543 | 1507 | 0,83 | 1,72 | 1029 | 2027 [ 1074
38 | 0p14 | 07120530 | 0,26 | 0,51 | 0041 | 1,01 | 0376 | 1368 | 1924 | 2328 | 1,74
40 | 0,13 | 0,09 | 0,24 | 0719 | 0,50 | 0§37 | 0,96 | 0274 | 1363 | 1320 | 2029 | 1371
42 10210 | 0,08 | 0,21 | 0716 | 0,46 | 0734 | 0190 [ 0362 | 159 | 1317 | 2731 | 1370
44 | 0708 | 0206 | 0,19 [ 0p14 | 0441 | 0,32 | 288 | 0161 | 1357 | 1,12 | 2027 | 1064
46 | 0706 | 0504 | 0316 | 0712 | 0537 | 0326 | 0377 1 0257 | 1830 | 1306 | 2026 | 1,57
48 | 0,05 | 0504 | 0716 | 0510 | 0433 | 0024 | 0368 | 0350 | 1046 | 1,03 | 2015 | 1547
50 | 0004 | 0,04 | 0g11 | 0,08 | 0,27 | 0,18 | 0,67 | 0041 | 1024 | 0394 | 2007 | 1446
60 | 0,01 | 001 | 0,03 | 0,03 | 0210 | 0,08 | 0232 | 0320 | 0764 | 0236 | 1234 | 0480
70 | 0,00 | 0500 | 0301 | 0,00 | 0,03 | 0;02 | 0710 | 0305 | 0327 | 0715 | 0360 | 0432
80 0500 | 0,00 [ 0,01 | 0300 | 0,02 | 0,01 | 0508 | 0203 ‘ 0e24 | 0208
90 | 0,00 | 0,00 | 000 | 0300 | 0,01 | 0,01
:l:’
or 172 174 176 178 180
rs fp rs fp I's /‘p rs I‘p I's I'p
0| 022 | 0,2 | 0,22 | 0,20 | 0,22 | 0,20 | 0,22 | 0,20 | 0,22 | 0,20
10 | 0,54 | 0,51 | 0,55 | 0052 | 0456 | 0052 | 0557 | 0.53 | 0,57 & 0953
20 | 1333 | 1,01 | 1,36 | 1,06 1,38 | 1,01 | 1,39 | 1.16 | 1440 | 1,20
30 | 2407 | 1,66 | 2,15 | 1074 . 2024 | 1,79 | 2026 | 1480 | 2,27 | 1,81
32 | 2,21 | 1074 | 2031 | 1.83 | 2,40 | 189 | 2,43 | 1,92 | 2344 | 1,92
3 | 2231 | 1.81 | 2,43 ’ 1,88 | 2,48 | 1,94 | 2052 | 1295 | 2,53 | 1,96
|

39



Lo

g 172 174 176 178 180
rs rp rs p rs i rp rs rp rg T
36 | 2,38 | 1,82 | 2,48 | 1,91 | 2,57 | 1,99 | 2,60 | 2,00 | 2,61 | 2,01
38 | 2:30 | 1,81 | 2,49 | 1,91 | 2,62 | 1,97 | 2,63 | 1,99 | 2,64 | 1,99
40 | 2020 | 1480 | 2050 | 1989 | 2063 | 1797 | 2167 | 1,99 | 2,67 | 1,99
42 | 2041 | 1075 | 254 | 1:85 | 267 | 1094 | 268 | 1,95 | 2.69 | 1,96
ar | 2043 | 1074 | 2356 | 1.81 | 266 | 1389 | 2%0 | 1,92 | 2,70 1204
46 | 2037 | 1765 | 2056 | 1.80 | 2066 | 1,87 | 2068 | 1,89 2,69 1,90
48 | 2026 | 1256 | 2,10 | 1064 | 2050 | 1373 | 2056 | 1,77 | 2,58 | 1078
50 | 2019 | 109 | 2029 ! 186 | 2330 | 1063 | 2,16 1 66 | 2048 | 1,68
60 | 1040 | 0°82 | 1248 | 0388 | 1056 | 0789 | 1757 | 0,91 | 158 | 0,93
70 | 0,63 | 0233 | 0,65 | 0,31 | 0,67 | 0334 | 0GB | 0 31| 0,69 1 0334
80 | 0025 | 0209 | 0726 | 0210 | 028 | 0.10 | 028 , 0110 | 0,29 I 0711
90 | 0,07 | o0l01 | 0.07 | ojo1 | 0308 | 0,02 | 0505 L 002 0,08 | 0,02
0, =40°, »==8,5 cu
e R —
o 0 10 20 30 40 ‘ 50
r's l‘p rs fp rs I'p rs rp r's 1 I'p ' r's I’p
0 ]0,22|0,20]0,2210200,22]0,20]0.22/0,20 /0,22 l 0,20 } 0,22 | 0,20
10 | 0,05 | 0,05 | 0,05 | 0205 | 0305 | 0,05 | 0306 | 0206 | 0,07 { 0,07 | 0,08 | 0,07
20 | 0,01 { 0,01 { 0,01 | 0,01 | 0,01 | 0,01 o 02 | 0302 | 0502 | 0,02 | 0,03 | 0,03
30 | 0,00 [ 0,00 | 0500 | 0700 | 0,01 | 0,01 | 0,00 | O, 200 | 000 : 0,00 j 0,01 | 0,00
3 : | 0.0 [ 0300
34 l ! | 0,00 | 0,00
1 i
i : i j i | i
ot T R
9! 60 70 80 90 100
rs I‘p rs /‘I, Iy fl, r's % I‘,, r's I‘[,
0 | 0,22 | 020 | 0,22 | 0,20 | 0,22 | 0,20 | 0,22 | 0,20 | Q22 | 0,20
10 | 0,10 | 0,09 | 0,11 | 0,10 | 014 { 0,13 | 0,15 | 0,14 | 0,17 | 0,16
20 | 0,04 | 0,04 | 0,04 | 0.04 | 0306 { 0,06 | 0,09 | 0,09 | 0,11 | 0,10
30 | 0%1 | 0.01 | 001 | 0j01 | 0J02 | 0,02 | 0,01 | 0,04 | 007 0,06
32 | 0,01 | 0,01 { 0,01 | 0,01 | 0,02 | 0,02 | 003 | 003 | 0,05 005
34 | 0%1 | 0500 | 0501 | 0,01 | 0%01 | 0J01 | 002 | 0,02 | 0305 | 0,05
36 | 0201 | 0,00 | 001 | 0,01 | 0201 | 0,01 | 0%z | 0502 | 0,05 | 0,04
38 0,01 | 0,00 | 0,01 | 0,01 | 0,02 | 0,02 | 0,02 | 0,02
40 0,00 { 0,00 [ 0%01 | 0,01 { 0,01 | 0,01 | 0,02 | 0,02
42 0,01 | 0300 | 0,01 | 0,01 | 0,02 | 0,02
44 0,00 | 0,00 { 0,01 | 0,01 | 0,01 | 0,01
16 0,01 | 0,00 | 0,01 | 0,01
48 0,00 | 0,00 | 0,01 | 0,01
50 0.01 | 0,00
60 0,00 | 0,00
|

™~
w
©

vl



6’

il

120 130 140 150 160
rs rs rp rs rp re rp rs rp
0e22 0422 | 0,20 | 0,22 | 0,20 | 0422 | 0420 | 0,22 | 0,20
0430 0435 | 0,30 | 0442 | 0434 | 0,45 | 0,44 | 0451 | 0,49
0431 0,43 | 0,39 | 0,61 | 0,52 | 0,95 | 0,80 | 1,15 | 0,83
0,19 0438 | 0434 | 0466 | 0451 [ 1,13 | 0,89 { 1,52 | 1,21
0,19 | O, 0,36 | 0434 | 0,62 | 0451 | 1q14 | 0,90 | 1468 | 1,32
Oy17 | O, 0q33 [ 0,27 | 0461 | 0,48 | 1,09 { 0,88 | 1,71 | 1,32
0,16 . 0433 | 0,26 | 0,55 | 0g43 | 1,08 | 0,84 | 1,74 | 1,31
Ogld | 0412 | 0430 | 0,26 | 0452 | 0g41 | 1,02 | 0,77 1,70 | 14,26
0,13} Og 0,24 | 0,191 0,50 | 0,37 | 0,97 | 0,75 | 1,65 | 1,22
0,10 | O, 0421 | 0,16 | 0446 | 0934 } 0,91 | 0,63 | 1461 | 1,18
0,08 { 0,06 | 0,19 | 0414 | 0,41 | 0,32 | 0,8 0462 | 1,59 | 1,14
0,06 | 0,04 | 0,16 | 0,12 | 0,37 | 0,26 | 0,78 | 0,58 | 1452 1,07
0,05 [ 0404 } 0,16 | 0,10 | 0,33 | 0424 | 0,69 0,51 | 1449 | 1,04
0,04 | 0404 | 0,11 | 0,08 [ 0,27 | 0,18 | 0,58 | 0,41 | 1,26 | O R
0,01 | 0,01 | 0,03 | 0403 | 0,10 | 0,08 | 0,32 | 0,20 | 0,65 | 0438
0,00 | 0,00 | 0,01 { 0,00 | 0,03 | 0,02 | 0,10 | 0,05 | 0427 | 0,15
0,00 | Q,00 | 0,01 | 0,00 | 0,02 | 0,01 | 0,08 | 0,03
0,00 { 0,00 | 0,00 | 0,00

(‘D’

172 174 176 178 180
rs rs rp re I rp rs p rs rp
0422 0,22 1 0420 | (422 | 0,20 | 0422 | 0420 | 0922 | 0920
0955 0,56 | ONS3 | 0,57 | 0453 | 0458 | 0454 | 0,58 | Og51
1,35 1,38 | 1,07 | 1440 | 1413 | 1qdl | 1,17 | 1,42 | 1422
2,10 2418 1 1376 | 2,27 | 1,82 1 2,29 | 1,83 | 2430 | 1,84
2424 2435 | 1486 § 204 | 1,91 | 2447 | 1,95 | 24418 | 1495
2435 2,47 | 1,90 | 2,52 | 1,97 [ 2,55 | 1,98 | 2456 | 1499
2,42 2,52 | 1,94 | 2,61 | 2,02 | 2,64 | 2,03 | 2,65 | 2,04
2,43 2453 | 1,91 | 2,66 | 2,00 | 2,67 | 2,02 | 2,68 | 2,02
2,44 2,54 | 1,91 | 2067 | 2,00 | 2,72 | 2,02 | 2472 | 2402
2,45 2,58 | 1,87 | 2,71 1 1,97 | 2,73 | 1498 | 2474 | 1,99
2447 2,60 | 1,811 2,70 | 1,91 | 2,74 | 1495 | 2,75 | 1497
2441 2,60 | 183 | 2,70 | 1489 | 2,73 | 1,01 1 2,74 | 1,92
2429 2,44 | 1,66 | 2,54 | 1,75 | 2460 | 1479 1 2,62 | 1,80
2422 2,32 | 158 | 20473 1 1,65 | 2,50 | 1,60 2452 | 1,70
1442 1,61 1 089 | 1,58 | 0,90 | 1,59 | 0,02 - 1,60 | 0994
0464 0‘66 0434 | 0468 | 0,34 | 0,69 | 0,3+ | 0470 | 0g34
0,25 0526 1 0,10 | 0428 | 0410 | 0,28 | 0,10 | 0,29 | Og11
0,07 0,07 | 0,01 | 0408 | 0,02 | 0,08 | 0,02 i 0,08 1 0,02

0,==70°, ~=0,8 cM
l‘:,

110 120 130 140 150 160
rs ’p ’p rs \ Tp rs P rs s rs l rp
0400 0400 | 0,00 | 0400 | 0,00 0,000,0010,00{0,00}0,001 0,00 0,00
0,01 | 0,01 0,01 0402|0401 |0,030,020,03]|0,02| 0,04 0,03
04,01 | 0,01 0‘,01 003 1 0401 | 0,05 | 0,03|0,07 | 0,05 0,10 0,07
0400 | 0,00 | 0401 | 0,01 [ 0,03 0,01 | 0,07 | 0404 0,1310,08] 0,260,17



?
100 110 120 130 140 150 160

rs I rp | rs | o ors ; rp | rs [ rop | rs | tp ) rs o rs :)',,

0.00|0,020,01]0.05]0,0310,17]0,00| 0,52|0,26

0.00|0%00{0502|0%01 |05110%05 | 0258 {0724

0,010.000.05|0.02! 0,38 /0,13

»
0.00[0,00|0.04 | 0201 0231 {010
0.0310,01{ 0,26{0,09
0,0210,01] 0520 10,06
0.0110,00| 05130703
0.00!0,00| 0,13 10,03

0°11! 002
0.091{0.02
0.05|0.01

| 0.01{0,00
]
(?I
170 172 174 176 178 180
rs r,, rs I'p [ rs l"I, I's l'p r's r,, r's ’ l'p

0,00 | 0,00 | 0,00 { 0,00 0400 | 0,00 | 0,00 |0,00]0,00|0,00] 0,00} 0,00

0,04 | 0203 | 0904 | 0303 | 004 | 0,03 | 0204 | 0,03 | 0504 | 0,03 | 0,04 | 0703

0:13 | 0208 | 0914 | 0709 | 0914 | 0,09 | 0014 | 0,09 | 0,15 | 0409 | 0,15 8,10

0.47 | 0026 | 0351 | 0,29 | 0,54 | 0531 | 0556 | 0932 | 0558 | 0,33 | 0259 | 0,34

098 | 0746 | 1521 | 0559 | 138 | 068 | 1954 | 0075 | 1 ’;7 0281 | 2005 | 0088

1598 | 077 | 2041 | 0,95 | 2292 | 1503 | 3444 | 139 | 3362 | 1345 | 3,83 | 1,53

9217 | 0069 | 2580 | 0088 | 3748 | 1204 | 4918 | 1338 | 4u81 | 1545 | 5425 | 1360

2730 | 0265 | 3001 | 0288 | 382 | 1207 | 4080 | 1932 | 5043 | 1248 | 5.70 | 1261

2.37 | 0262 | 3014 | 0785 | 4402 | 1506 | 5317 | 1,32 | 5,68 | 1,52 | 6.00 | 1559

2528 0257 | 3724 | 0282 | 4919 | 1,03 | 5296 | 1,20 | 5,91 | 1750 | 6440 | 1,55

2,21 | 0,52 | 3,35 | 0378 | 4,23 | 0390 | 5435 | 1523 | 6320 | 1,40 | 6,60 | 1348

2%2 | 002 | 3321 | 066 | 4326 | 0289 | 5540 | 1914 | 6,37 | 1332 | 6370 | 1541

1790 | 0331 | 3019 | 0761 | 4056 | 0087 | 5977 | 1209 | 6.94 | 1331 | 7436 | 1038

21072 | 0030 | 3300 | 0256 | 4470 | 0579 | 6201 | 1504 | 7009 | 1,21 | 775 | 1332

1061 | 027 | 2,83 | 0542 | 4461 | 0,73 | 605 | 0395 | 7,17 | 1,08 | 7796 | 1421

1541 | 0024 | 2032 | 0732 | 4,38 | 0359 | 6,06 | 0994 | 7340 | 1,02 | 7,93 | 1406

1013 | 0315 | 1309 | 0,97 | 3,89 | 0,49 | 5460 | 0772 | 7522 | 092 | 781 | 0492

0529 | 0%03 | 1206 | 0207 | 2015 | 0313 | 3457 | 0323 | 7504 | 049 | 7,60 | 0355

1 ==70°, %=—1,35 cum

—_ - :P.' . .- e

100 110 120 130 140 150 160
s f'p Is fp rs I',, rs fl, rs I'p r's ! fl, Is ! I"[,
0,001 0,00 0,00{0,000,0010,00| 0,00 0,00 |0,00|0,000,00]0,00| 0,00!0,00
0,00 (0,00 0,01 {0501 | 0,01 | 0,01 |0,02|0,01 [0,03}0,02]0,03|0,02} 0,04]q,03
0,01 [0,0110,02|0,01 |0%03 | 001 | 0305 0203 | 0207 | 0,06 | 0,10 0,08
0,00 0,00 0501 | 0,01 {0,03|0.01|0,07]0,04|0;13]0510| 030 0,23
0,001 0,00 | 0502 {0701 {0705 [0,03 [ 0317 [ 0,12 | 0;3310,32
0%00|0.00|0,02|0.01 | 0,11 0,06 | 0,60 | 0,30
0,01{0500{0705|0,02| 0,39 10,17
0,01 0700 070410301 | 0337 0,15
0700 0,00 {004 | 0,01 | 0,3210,12
0,03 0,01 0,27 0,10

~~
=
o



~
=
)—J

e, _
0! 100 110 120 130 140 150 160
rs I'p rs l‘p rs fp rs I'p I's rb r's f'p r's r,,
68 0402 | 0,01 | 0,200,07
70 0,01 [ 0,00 | 0,13 | 0305
72 0,00 0,00 | 0413 10,04
74 0,11 | 0403
76 0909 | 0402
78 0405 | 0,01
80 0,01 | 0500
e x S
170 172 174 176 178 180
r's I'p r's r,, rs r,, I's r,, rs r,, Fs I'p
0,00 | 0400 | 0,00 | 0400 | 0400 | 0,00 | 0,00 | 0,00 | G400 | 0,00 | 0,00 | 0,00
0004 | 0403 | 0g04 | 0903 | 0,04 | 0403 | 0,01 | 0,03 | 0,04 | 0,03 | 0304 | 0,03
013 | 0410 | 0,15 | 0511 | 0,15 | 0411 | 015 | 0511 | 0,16 | 0411 | 0416 | 0,11
0048 | 0932 | 0952 | 0934 | 0355 | 0,37 | 0457 | 0,38 | 0,59 | 0,40 | 0460 | 0241
1,01 | 0266 | 1426 | 0469 | 1443 | 0481 | 1059 | 0493 | 1,83 | 1302 | 2,13 | 1309
2906 | 0295 | 250 | 1016 | 3902 | 1,48 | 3¢56 | 1266 | 3074 | 1482 | 3496 | 1.91
2025 | 0085 | 2990 | 1915 | 3460 | 1946 | 4432 | 1367 | 4096 | 1589 | 5,11 | 2406
239 | 0983 | 3412 | 1,14 | 3095 | 1039 | 4,95 | 1969} 5,60 | 1497 | 5,88 | 2,08
2446 | 0979 | 3425 | 1912 | 4415 | 1339 | 5033 | 1771 | 5486 | 1,97 | 6,18 | 2509
9437 | 0,73 | 3,35 | 1306 | 4,33 | 1231 | 5,42 | 1767 | 6,09 | 1,94 | 6357 | 2,05
2229 | 0366 | 3946 | 0498 | 4937 | 1,29 | 552 | 1360 | 6,37 | 1,84 | 6577 1 1596
9210 | 0057 | 3032 | 0289 | 4940 | 1919-| 5057 | 1950 | 60514 | 1079 | 6.87°| 1085
1397 | 0,51 | 3,20 | 0,83 | 4,71 | 1,15 | 595 | 1447 | 7a11 | 1,75 | 7,53 | 1,85
1578 | 0840 | 3,19 | 0474 | 4185 | 1,06 | 6,19 | 1440 | 7,26 | 1,66 | 7,91 | 1,76
1467 | 0435 | 2593 | 0,62 | 4976 | 0,94 | 6223 | 1428 | 7534 | 1,56 | 8512 | 1463
1046 | 0927 | 2,41 | 0,48 | 4452 | 0,80 | 6,24 | 1,15 | 7457 | 1434 | 8409 | 1,43
1917 | 0422 | 2007 | 0435 | 4,02 | 0568 | 5,78 | 0496 | 7,89 | 1,28 | 7,97 | 1,23
0030 | 0403 | 1200 | 0,07 | 2023 | 0217 | 3369 | 0,23 | 7221 | 0457 | 7476 | 0,54
0,=70°, A=1,6cm
¢
o 100 110 120 130 j 140 ; 150 160
|
rs rp rs I‘p rs r/, I's I’,, ’ I's i I'p { I i I',, Fs \. f',,
0 10400{0,00|0,00{0,00|0,00|0,00l0,00!0, 00" 0, 000 .00,0, “UN o' o oo[o 00
10 {0,00 0,00 0501 | 0501 | 0501 | 0,01 | 0,02 0,01 07031002 0,03 10702 0,04 0,03
20 0201 | 0701 0202 | 0201 | 0203 | 0201 | 0205 | 0503 0707 0,06 | 0510 o 08
30 0200 {000 | 0,01 {0701 10,03 0,01 | 0707 | 004 | 0513705101 0731 10523
40 0500 | 0200 | 0;02] 0,01 10305 10,030,170, 12| 0354] 0,32
50 0,00 10200 | 0702 0,01 | 0110706 | 0,61 | 0230
60 0,01]0%00{0.05 0502 0540|0317
62 0,010,000 04{0 011 0,38(0,15
64 0.00{0.00 0,04, 0201 | 0,33 0,12
66 : 0.03]0.01] 0.28!0.10
68 0,02 (0,01 | 0,20 0,07
70 0,0110.00| 0;1310,05
72 0,000500| 0]13!0,04
74 0.11]0,03
76 0.09002
78 .05 0%01
80 0.01 | 0,00

b3



uy

?
G 170 172 174 176 178 180
re rp ry rp re rp rs rp rs ry rs rp
0 0,00 | 6,00 { 0,00 | 0,00 | 0,00 | 0,00 | 0,00 0,00 | 0,00 | 0,00 0,00 0,00
10 [ 0,040,063} 0,04 0,03 0,04 | 0,03|0,0¢4}0,03]|0,04]|06,03| 0,04 | 0,03
20 | 0,13 | 0410 | 0,15 | 0411 | 0,15 | 0,11 | 0,15 | 0,11 | 0416 | 0,11 | 0,16 0,11
30 [ 0,49 | 0,32 f 0,53 | 0,36 | 0,56 | 0,38 | 0458 | 0,38 | 0,60 | 0,39 | 0,61 0,40
40 | 1303 1 0,66 | 1,97 | 0,72 | 1,45 | 0784 | 1,62 | 0392 | 1,87 | 0399 | 2;16 | 1307
50 (2,00 [ 0,95 | 2,53 | 1419 | 3,07 | 1,48 | 3g61 | 1,71 | 3,79 | 1,80 | 4201 | 1,89
60 2,29 | 0,86 | 2495 | 1,18 | 3465 | 1,48 | 4,37 | 1,73 5,021 1,93 | 5,48 | 2,09
62 | 2442 | 0485 | 3,16 | 1,16 | 4,00 | 1Ld1 | 5,01 | 1,74 | 5}67 | 2,00 | 5,94 | 2]11
64 (2449 | 0,84 | 3,30 | 1,14 | 4,21 | 1,41 | 539 | 1,74 | 5.92 | 2000 | 6.24 | 2°12
66 2,40 0,75 | 3,40 | 1,09 | 4,38 | 1,38 5,49 1 1,72 1 6,16 | 1,99 6,63 | 2,10
68 |2,33]0,68 | 3,52 1,00 4,43 | 1,31 | 5458 l.@G G 44 1,9(_) 6,82 | 2,02
70 2,13 [ 0,69 | 3,37 | 0,91 | 4,45 | 1,22 | 5,63 | 1456 | 6,60 1,85 16,92 | 1,94
72 | 2,00 | 0553 | 3,34 | 0,86 | 4476 | 1315 | 6401 | 1,53 | 7,16 | 1083 | 7057 | 109
74 | 1,81 | 0,41 1 3,24 [ 0,77 | 4,91 | 1,11 | 6,25 | 1,46 | 7,31 | 1,74 | 7,95 | 1,86
76 1,70 } 0,36 | 2,98 0,65 | 4,82 { 0,98 6.?9 1,36 | 7,38 | 1,56 | 8,16 | 1,69
78 1,48 | 0,30 | 2,45 0‘52 4,58 | 0,87 | 6,30 | 1,20 | 7,61 1,41 | 8,13 l,.§2
80 1,19 1 0423 2,10 | 0440 | 4,07 | 0,73 5,84 11,02 | 7,44 | 1,29 | 8,01 | 1,32
9 (0,31]0,03/1,i1]0,07 2,27 0,17 | 3,74 10,27 | 7,26 | 0,63 | 7,81 | 0,54
01 :700, A=3 M
qf" — e e .
0r 100 110 120 130 140 150 160
rs rp re rp rs { rp rs | rp rs | rp rs p rs | rp
0 {0,00|0,00}0,00{0,00]0,00]|0,00 0400 0,00 0‘00 0.00 0400 | 0,00} 0,0010,00
10 |0,00]0,00|0,01 0,01 /0,0110,010,02 0,01 10,031040210,03|0,02| 0404 0,03
20 0,0110,01 0'02 0,0110,030,01 0,05 0,0310,07 10,061 0,1010,08
30 0,00|0,00{0,0110,0110,03{0,01 |0,07{0,04 0,1410,10] 0,32 | 0,24
40 0,00/0,00 /0,02 0401 0,05 0,03 | 0,180,121 0,56 | 0,32
50: 0,000,00|0,02]0301|0;11(0,06| 0,63 | 0231
60 0,01 ()‘00 0,05 10,02 0.41 ()‘18
62 0,01 10300 0,04 0,01 | 0,39 |0°15
64 0,000,00|0,0410,01 0,34 ()‘13
66 0,03 0.01 0,2910,10
68 0,020,011 0¢21 ()‘()8
70 0,01 10,00 0,14 {0505
72 0900 {0,00| 051|004
74 0,11 10,03
76 0,09 0,02
78 0405 | 0,01
80 0,01]0,00
_ - — ” -
8r 170 172 174 176 178 180
s rp. rs Ip. re Tp ry rp rs o rs ry
0 10,00 0,00]0,00! 0400 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0400 | 0,00 | 0,00
10 1004 10,03 0,04 | 0,03 0304 |0,03]0,04 0,03 0,04 0,03]0,04 | 0,03
20 10,14 (0,10 | 0,15 | 0J11 | 0,15 | 0,11 | 0,15 | 0,12 | 0316 | 0512 | 0716 | 0,12
30 | 0,51 | 0,32 | 0455 { 0,36 | 0,58 | 0,39 | 0,60 | 0,39 0,62 | 0,41 | 0,63 | 0,42
40 [ 1,06 1 0,66 | 1,30 | 0475 | 1,47 | 0,87 | 1,65 | 0,95 | 1,89 1,04 12,19 | 1,12
50 | 2,12 | 1,01 | 2,57 | 1,26 | 3,11 | 1,56 | 3,66 | 1,74 3,85 | 1,85 | 4,08 | 1,99




o 170 172 174 176 178 180

s rp r's fp ‘rs r,, rs I'I, rs ! P I's I'p
60 | 2,31 |0.91|298]1,23]3,70)1,56|4.44]1,77 | 5,10 2,03 | 5.56 | 2,21
62 2,450,091 | 3,20 1,23 |4,06(1.50|5.081]1.,79|5.74]2,12| 6,02 |2.23
64 | 2,53 ] 0,88 | 3,35 | 121 | 4,27 | 1,50 | 5,47 | 1,85 | 5.99 | 2,13 | 6,31 | 2,25
66 | 2,43 10,79 | 37451 1,15 | 4,45 | 1,47 | 5.57 | 1.84 [ 6,22 | 2,10 | 6,71 | 2,22
68 | 2,36 | 0,72 | 3,57 | 1,09 | 4,49 | 1740 | 5,66 | 1,76 | 6,51 | 2,02 | 6,90 | 2,16
70 12,16 (063 [ 3.42 10,97 [ 4.52 | 1.30 { 5371 | 1.65 | 6567 | 1.97 | 6,99 | 2205
72 12002 0,57 | 3,40 | 0,03 | 4083 | 1,26 | 6,08 | 1,62 | 7.24 | 1,94 | 7,65 | 2003
74 | 1,83 10,46 | 3,29 | 0,84 | 498 | 1,19 | 6,32 | 1,56 | 7,30 { 1085 | 8,03 | 1,98
76 11,72 0,40 | 3,02 | 0169 | 4589 | 1.05 | 6,36 | 1434 | 7046 | 1966 | 8,23 | 1,81
78 | 1251 | 0033 | 2,47 | 0053 | 4,65 | 089 | 6237 | 1,27 | 7068 | 1252 | 8,20 | 1759
80 | 1,22 |0.24|2,1210.40 | 4,14 | 0,73 | 5,92 { 1,06 | 7,51 | 1.38 | 8,08 | 1,38
9 [0.32]003]1.13]0,07|2.30|0,17 | 3.80 ] 0,23 | 7,31 | 0.57 | 7,89 | 0,44

B; =70°, A=8¢ cM
- e e — e

g 100 110 120 130 140 | 150 160

rs f,; s I'p rs I'p rs I'p r's ’I’ rs I'p rs I'p

|
0 ]0,00|0,00|0,000,00]0,000,00}0,00]|0,000,00 0,00[0.00 0,00 0,00 0,00
10 {0700]0;00{0,010,01{0.01 | 0,01 [070210,01(0,03]0,0210.03{0,02! 0704]0,03
20 0,01{0701}0,02|0.01 |0703{0.010505{0.03{0%07{0,06| 010003
30 0,00 (0500 {0,01(0,01 {0.0310,010.07[0504{0.14[0.10| 0,32{0.25
40 0,00]0,0010,020;010;05|0,03}0,18]0,12} 0,5710.32
50 0;00(0,00{0,0210,01|011}0,06| 0,6110,31
60 0,0110.0010.05|0,02| 07410519
52 0.01/070010701 02011 0239]0.16
64 0,0010,00(05010.01| 0,340.13
66 0,6310.01| 0.2910,11
68 0202, 0.01| 0421(0,08
70 o_m’o,oo 0.14] 0505
72 0,000,001} 0,14[0,04
74 | 0.11]0,03
76 ! 0,09 10,02
78 | 0,05 0,01
80 { 0,01,0,00
! |
S R
o 170 172 174 176 178 180
|

r's 'p r's 'p | s p rs 'y rs \ 'p rs T'p
0 |0.00|0,00]0.00]|0,00]0,00]|0,00]000]0,00]0,00]|0,00] 0,00/ 0,00
10 | 0,04 | 0,03 | 0,04 | 0,03 | 0,04 | 0,03 | 004 | 0,03 | 0,04 | 0703 | 0,04 | 0,03
20 | 0.14 10,10 | 0315 | 0,11 ] 0,15 | 0011 | 0,15 | 0,12 } 0016 | 0,12 | 0,16 | 0,12
30 | 0,52 | 0,33 | 0456 | 0,36 | 0,59 | 0,39 | 061 | 0,40 | 0363 | 0441 | 0,64 | 0,42
40 11,07 | 0,68 | 1,31 | 0,75 | 1,49 | 0,87 | 1367 | 0,97 | 1,91 | 1407 | 2,21 | 1,14
50 | 2,13 1,04 | 2,59 | 1,27 | 3,13+ 1,59 | 3768 | 1,78 | 3187 | 1,94 | 4,10 | 2,04
60 | 2,33 | 0,93} 3,01 | 1,25 | 3472 | 1,58 | 4446 | 1,80 | 5,12 | 2,07 | 5,58 | 2,26
62 | 2,47 | 093 | 3,23 | 1,24 | 4,08 | 1,53 | 5,11 | 1,83 | 5577 | 2,17 | 6,05 | 2,29
64 | 2,55 10,88 | 3,37 | 1,23 | 4229 | 1253 | 5¢50 | 1%88 | 6,04 | 2318 | 6,35 | 2,31
66 | 2,45 | 0,81 | 3,48 | 1,20 | 4,47 | 1,52 | 5,60 | 1,87 | 6,26 | 2,17 | 6,74 | 2,30

b5



46

o 170 172 174 176 178 180
rs f'p rs rp r's l'p r's I'p I“s; I'p r's f'p
68 | 2,38 | 0,74 | 3,59 | 1,11 | 4,51 | 1,45 | 5,69 | 1,82 | 6,54 | 2,00 | 6.93 | 242:
70 | 2018 | 0465 | 3044 | 1%01 | 4754 | 1933 2:74 1771 L6071 | ohoa | 7°03 | 5%
72 | 2,04 | 0,58 | 3,42 | 0,96 | 4386 | 1731 | 6011 | 168 | 7427 | 2000 | 7069 | 2910
74 | 1,85 | 0550 | 3,31 | 0185 | 5,00 | 1023 | 6036 | 1560 | 7041 | 1090 | 8506 | 2204
76 | 1g74 | 0,41 | 3,04 | 0,72 {4391 | 1,08 | 6339 | 1349 | 7050 | 1072 | 8727 | Tes7
78 | 1,52 | 0335 | 2049 | 0355 | 4,67 | 0,92 | 6740 | 1331 | 7072 | 1057 | 8224 | 1564
80 | 1,23 | 0,24 | 2,14 | 0,40 | 4316 | 0074 | 5195 | 1310 | 7055 | 1042 | 8011 | 1545
90 | 0,32 {0303 | 1415 | 0,07 | 2032 | 0,17 | 3782 | 0723 | 7737 | 0957 | 7092 | 0%t
0, =280°, »=0,8 cm
] ; = e .
Y 120 130 140 ’ 150 | 160 ]v 170
Irs rp r's I‘p rs I'[, ' I's I'p f rs f’l, ! I's l fﬂ
0 [ 0,007 0,00 | 0,00 | 0,00 (0,00 0,00/ 0,00 0.00] 0,000,001 0,00!0 00
10 | 0,00 | 6,00 | 0301 | 0400 | 0301 | 0,00 | 0501 | 0300 | 0101 | 0700 | 0301 | 0%00
20 | 0,01 | 0,00 | 0301 | 0,00 | 0;02 | 0,01 | 0204 | 0502 | 0205 | 0203 | 0206 | 0%0:s
30 200 | 0,00 | 0302 | 0201 | 0306 | 0,03 | 0716 | 0508 | 0522 | 0]11
0 0302 | 0,01 | 0507 | 0703 | 0326 | 0410 | 0273 | 0%24
50 0,00 | 0300 | 0,05 | 0301 | 0230 | 0410 | 1056 | 0741
60 0:01 | 0700 | 0,17 | 0,04 | 1067 | 0,34
70 0,00 | 0,00 | 0504 | 0201 | 1334 | 0’16
72 0200 | 0200 | 1411 { 0}10
74 0289 | 0,09
76 0070 | 006
8 | 0.45 | 0,04
i 0.29 | 0703
82 ! 0,16 | 0,02
84 ! { 0200 | Q00
- T e
A4
Py 172 174 176 178 180
re Ty rs rp re l’ ry rs I rp | s p
0 | 0,00 | 0,00 | 0,00 0,00 | 000/ 0,00 o0 | 0.00 | 000! 0.00
101001 | 0,00 8:01 0,00 { 0,01 | 0,00 8201 0,00 | 0501| 000
¥ ,04 | 0,07 | 0,04 | 0%07 | 0,04 | 0%07 | 0t04 | 0%07] 0204
30 | 025 | 0412 | 0,27 | 013 | 0,28 | 0013 | 029 | 0114 | 0,30{ 0}14
40 | 0,87 | 0233 | 0,96 | 0037 | 1,04 | 0740 | 1210 | 0042 | 1°14] 0743
50 | 1,93 | 0,54 | 2,24 [ 0,63 | 2046 | 071 | 2179 | 0180 | 2S99l 0%ss
60 | 216 | 0lds | 377 | 0,72 | 5103 | 1000 | 630 | 124 | 7,30] 134
28 \27 | 4,40 | 0,50 | 6152 | 0,75 | 855 | 0593 | 9%45| 1507
72 | 212 | 0;22 | 4,08 | 0,39 | 6,60 | 0,63 | 8.73 | 0,82 | 9°75| 0291
74 | 1,89 | 0,17 | 3,67 | 0,31 | 6.62 | 0,55 | 9235 | 0,75 | 10%45| 0291
76 | 1,58 | 0,42 | 3,37 | 0,24 | 6,65 | 0748 | 9175 | 0270 | 1130 0779
78 | 1,07 | 0,07 | 2168 | 0719 | 6,61 | 0545 | 10,30 | 069 | 12830] 0:81
80 | 0,94 | 0,06 | 2,50 | 0,16 | 6,29 | 0,42 | 10055 | 0,75 | 13,35 | 0,92
82 | 063 | 0,04 | 1,88 | 0,15 | 5/80 | 041 | 11,50 | 0J91 | 1419 | 1.1
84 | 0,32 | 0,02 | 1,24 | 0,09 | 5,10 | 0,35 | 11740 | 0,98 | 1563 | 084
86 | 0,13 | 0,00 | 0;64 | 0,05 | 4,719 | 0,20 | 10329 | 1405 | 15,7 | 0,61
88 | 0,00 | 0,00 | 0,32 | 0503 | 2.61 | 0418 | 870 | 1310 | 15,0 | 0136
90 0,07 | 0,00 | 0,89 | 0,13 | 6.79 | 1.5 | 1355 | 0200

. il



8, =80°, %=1,35cwu

?,
6 120 130 140 150 160 170
rg rp rs rp r's rp re rp rs j rp rs ry

0 | 0400 | 0,00 | 0,00 | 04,00 { 0400 | 0,001 0,00 | 0,00 | 0400 00 } 0,00 | 0,00
10 0,00 { 0,00 { 0,01 { 0,00} 0,01 | 0400 | 0,01 | 0,00 | 0,01 0,00 | 0,01 | 0,00
20 | 0,01 | O, 0,01 | 0,00 | 0,02 | 0401 [ 0,04 | 0,02 | 0,05 0,03 | 0,06 | 0,03
30 0,00 | Q,00 | 0,02 | 0,01 0,06 | 0,03 | 0417 | 0,09 | 0423 | 0413
40 0,02 | 0,01 | 0,07 | 0,03 | 0,27 | Og14 | 0,75 | 0,41
50 0,00 | Q00 | 0,05 0.()1 0,31 | 0912 | 1,61 | 0,59
60 0,01 | 0,00 | 0418 | 0,04 | 1,73 | 0,46
70 0,00 | 0,00 { 0,04 | 0,01 | 1,39 0,22
72 0,00 | 0400 | 1,15 | 0415
74 0,93 | 0,09
76 0,73 | 0,06
78 04,46 | 0,04
80 0430 | 0,02
82 0,16 | 0,01
84 0,00 | 0,00

SR - o -
B’ 172 174 176 178 180
e e — i B U | —
rs rp rs ry re rp rs rp rs | rp

0 0,00 0,00 0,00 0,00 0,00 0,00 0,00} 0,00 0,00 | 0,00
10 0,01 0,00 0,01 0,00 0,01 0,00 0,01 | 0,00 0,01 | 0,00
20 0‘06 0,04 0,07 0,04 0,07 0404 0,07 | 0,04 0,07 | 0,04
30 0,26 0914 0,28 0,15 0,29 0,16 0,30 | 0,17 0,31 | 0,18
40 0,90 0,48 0,99 0,53 1,07 0,56 1,14 ] 0,60 1,19 1 0,62
50 1,99 0,72 2,31 0,85 2,53 0,97 2,87 - 1,08 3,08 | 1416
60 2,23 0,66 3,88 1,00 5,16 1,40 6,46 | 1,74 7954 | 2,04
70 2,44 0,41 4,44 0,73 6,68 1,07 8,73 | 1,35 9,63 | 1455
72 2,18 0,32 4,16 0,56 6,76 0,94 8,921 1,19 9,93 | 1,41
74 1,95 0,27 3.78 0,48 6,78 0,82 9,53 | 1,15 | 10,64 | 1,29
761 1,63 0416 3,47 0,37 6,82 0,70 0,93 | 0,99 | 11,50 | 1,02
78 1,11, 0,13 2,76 0,27 6,77 0,62 | 10,49 |' 0,87 | 12,52 | 0,99
80 0,97 0,09 2,57 0,20 G, 45 1 0,46 ) 10,74 ) 0,74 | 13,568 1 0,90
82 | 0,65 0,06 1,94 0,14 595 0,37 | 11,71 | 0,76 | 15,14 | 0,95
84 0,33 0,02 .29 0,09 5e23 0,29 | 11,60 | 0,72 | 15,54 | 0,71
86 0,13 0,00 0,66 0,05 4,32 0,22 | 11,50 | 0,68 | 15,94 { 0,48
88 0,33 0,03 2,69 0,15 8,89 | 0,64 | 15,24 | 0,24
90 a,07 0,00 0,93 0,07 6,96 | 0,60 | 13,74 | 0,00

6, =80°, r=1,6 cM
_ ?,,
97 120 130 140 150 160 170
rs r'p rs rp r rp rs s rs rp rs [ rp’
) !

0 |0,00 (),(')0 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 { 0,00 { 0,00 | 0,00 | 0,00
10 10,00 | 0,00 | 0,01 { 0,00 { 0,01 | 0,00 { 0,01 | 0,00 | 0,01 | 0,00 0,01 0,00
20 0,01} 0,00 | 0,01 { 0,00 { 0,02 { 0,01 | 0,04 0,02 }0,05}0,030,08] 0,03
30 0,00 | 0,00 { 0,02 | 0,01 | 0,06 | 0,03 | 0,17 | 0,09 | 0,23 | 0,14
40 0,02 | 0,01 | 0,07 | 0,03 | 0,27 | 0,15 | 0,76 | 0,42
50 0,00} 0,05} 0,01 | 0,31 | 0,13 | 1,64 | 0,60
60 0,01 { 0,00 | 0,18 | 0,04 1,76 | O, 48

l
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b 120 130 ] 140 | 150 i 170
f,, r's f'p ‘ rs “rp rs l rs i rp
70 0,00 | 1,41 | 0,24
72 1316 | 0416
74 0,54 | 0,09
76 0,74 | 0,06
78 0e47 | 0203
80 | (030 | 0,02
82 { 017 | 0301
84 ; 0,00 | 0300
.‘;(
172 174 176 178 180
lp rs l f'p rs i /'p r's fp rs f/,
0,00 | 0,00 | 0,00 0,00 | 0,00 0,00 ’ 0.00 | 0,00 | 0,00 | 0,00
0701 | 0%00 | 001 | 000 | 0301 | 0J00 | 0301 ( 0J00 | 0,01 | 0.00
0506 | 00+ | 0307 | 004 | 007 | 0,08 | 077 ! 0,04 | 0,07 | 0,05
0.26 | 0,15 | 0028 | 0%16 | 0%29 | 0317 | 0%30 | 0%18 | 031 | 0l18—
0.01 | 08 | 1700 | 0355 | 1509 | 098 | 1515 | 0762 | 1790 | 0364
9:03 | 075 | 2335 | 07 | 2%8 | 1500 | 2%o2 | 1001 | 3%3 | 1.19
207 | 0.68 | 3%03 | 1007 | 5.23 | 1045 | Gl5a | 1380 | 7463 | 2010
2:48 | 0043 | 4.8 | 0075 | 6.76 | 1,09°| 8.83 | 1041 | 9.73 | 1261
2:23 | 0,34 | 4721 | 0357 | 6183 | 0796 | 9201 | 1320 | 10,04 1547
1599 | 0%28 | 383 | 0349 | 6.86 | 0083 | 9.631 1.16 10.74] 1,33
1366 | 0716 | 3052 | 0237 | 6289 | 0770 | 10,01 0799 | 11,61 ! 1707
102 | 0,13 | 2080 | 0327 | 685 | 0560 | 10159 ; 0389 | 1263 | 1501
098 | 0709 | 2062 | 0.20 | 6553 | 0446 | 1085 | 074 | 13571 § 0290
066 | 0,06 | 1298 | 0014 | 6502 | 0.37 | 11.82 . 0376 | 15528 | 0793
0233 | 0002 | 1530 | 0009 | 5.30 | 029 | 115721 0371 | 15368 | 0370
0,13 | 0,00 | 067 | 0,05 | 4337 | 0222 | 11,60 | 0366 | 16309 | 0546
0533 | 0503 | 2073 | 0715 | 898 | oj6l | 15738 | 023
0307 | 0,00 | 029a | 0}07 | 7.0 0757 | 1387 | 0500
6, =280% 1»—=3cum
?F
120 130 140 150 | 160 170
rI) r's I'p r's f,, r's I", r's I’ﬁ r's rﬂ
1
0,00 | 0,00'| 0,00 | 0,00 1 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00 | 0,00
0,00 | 0%01 | 0500 | 0,01 | 0500 { 0%01 | 0.00 | 0,01 | 0200 | 0%01 | 0700
0500 | 0301 | 0500 | 0502 | 0301 | 0304 | 0702 | 0503 | 0303 | 0206 | 0303
0700 | 0,00 | 0702 | 0201 | 0306 | 0503 | 0417 | 0310 | 0%23 | 0715
0202 | 001 | 0007 | 0203 | 0728 | 0.16 | 0377 | 0745
0,00 | 0200 | 0,05 | 0301 | 0332 | 0713 | 1067 | 016%
0501 | 0,00 | 0718 | 0204 | 1778 | 0351
000 | 0200 | 0704 | 0201 | 1742 | 0225
0,00 | 0%00 | 1517 | 0017
74 0795 | 0509
76 075 | 0,06
78 0248 | 0,03
80 0:31 | 0%02
82 0.17 | 0,01
84 0,00 | 0200




0’ 172 174 176 178 180
rs rp rs ry re rp rs rp rs rp
.0 0400 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00 | 0,00
10 0,01 0,00 0,01 0,00 0,01 0,00 0,01 | 0,00 0,01 | 0,00
20 0,06 0,04 0,07 0,04 0,07 0,04 0,07 | 0,04 0,07 | 0,05
30 0,27 0,16 0,29 0,17 0,30 0,18 0,31 | 0,19 0,32 | 0,19
40 0,92 0,51 1,01 0,57 1,10 0,61 1416 | 0,65 121 1 0,67
50 2,05 0,79 2,37 0,93 2461 1,06 2495 | 1,18 3,16 | 1,27
60 2,29 0,73 3,9 1,11 5428 1,52 Gy 60 | 1,91 7,69 | 2,24
70 2,51 0,46 4,51 0,76 6,82 1428 8,90 | 1,41 9,81 | 1,68
72 2,25 | 0,35 4426 0,58 6,90 0,99 9,08 1 1,32 1 10,11 | 1,49
74 2,01 0,29 3,87 0,50 6,92 0084 9,70} 1,17 | 10,84 | 1,33
76 1,68 0,16 3,56 0,35 6,96 0370 | 10,11 | 0,08 1 11,72} 1,03
78 1,13 0,13 2,83 0,26 6,92 0,56" | 10,68 | 0,82 ' 12,75 | 0,97
80 0,99 0,09 2,64 0,15 6,59 0,43 [ 10,94 | 0,0, 13,83 | 0,74
82 0,67 0,06 2,00 0,10 6,08 0,29 | 11,93 | 0,51 | 15,41 | 0,64
84 0,34 0,02 1,31 0308 5,36 0,23 | 11,82 0,49 | 15,82 | 0,48
86 0,13 0,00 0,68 0,05 4442 0,17 | 11,71 | 0,43 | 16,22 | 0,32
88 0,00 0,00 0,34 0,03 2,76 0,10 9,051 0,37 | 15,51 { 0,16
90 0,07 0,00 0,95 0404 7410 | 0,32 | 13,99 | 0,00
0, =80°, ~A=8,5cn
q’l
0 120 130 140 150 160 170
\
irs rp re rp rs ry rs | orp rs Ty rs rp
0 10,00, 0,00)0,00) 0,00} 0,00 0,00 0,00 0,00 | 0,00 0,0601!0,00]| 0,00
10 10,00 | 0,00 f 0,01 | 0,00 f 0,01 0,00/ 0.0l |0,00|0,01|0,00/0,0l 0,00
20 0,01 0,00](0,01 0,00/ 0,02]|0,01 10,040,021 0,05 0,03 0,06 0,03
30 0,00 | 0,00 | 0,02 ' 0,01 | 0,06 { 0,03 { 0,17 | 0,10 | 0423 | 0,15
40 1. 0,02} 0,01 | 0,07 | 0,03 | 0,28 1 0,16 | 0,78 | 0,45
50 0,00 | 0,00 | 0,05 | 0,01 | 0,32 | 0,14 | 1,68 | 0,65
60 0,01 | 0,00 | 0,18 | 0,04 { 1,80 | 0,52
70 0,00 | 0,00 | 0,04 } 0,01 | 1,43 | 0,26
72 0,00 { 0,00 | 1,18 | 0,18
74 0.95 | 0,09
76 0,75 | 0,06
78 0,48 | 0,03
80 0,31 | 0,02
82 0,17 | 0,01
84 0,00 } 0,00
(?'
0 172 174 176 178 180
rs rp’ rs rp rs rp rs l rp rs rp
0 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00 | 0,00 | 0,00 | 0,00
10 0,01 0,00 0,01 0,00 0,01 0,00 | 0,01 | 0,00 | 0,01 | 0400
20 0,06 0,04 0,07 0,04 0,07 204 | 0,07 | 0,04 | 0,07 | 0,05
30 0,27 0,16 0,29 0,17 0,30 0,18 | 0431 l 0,19 | 0,32 ; 0,20
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U —_— —_——fl .

0’ 172 174 176 78 180

rs | rp rs r'p rs rp rs rp rs rp

; — —— J— M [ - j UL R (U
40 | 0,93 | 0452 | 1,02 | 0,59 | 1,11 | 0,62 | 1,17 | 0,66 | 1922 | 0,69
50 2,06 0,81 2439 0,95 2,62 1,09 297 | 1421 3,18 1 1,30
60 | 2,31 | 079 | 3,99 { 1,17 | 5031 | 1,71 | 6.62 | 1,97 | 7,71 2,32
70 | 253 | 047 | 4,53 | 0,80 | 3.85 | 1,35 | 8,93 | 1,46 | 984 | 1.75
72 | 2026 | 0336 | 4,28 | 060 | 6,93 | 1,01 | 9,11 | 1334 | 10,16 | 150
74 2,02 0,30 3,89 0,51 6,95 0,85 9474 | 1,18 | 10, B8 1 o3
76 1,70 0,16 3958 0.35 6,98 0,70 | 10,16 ] 0,98 | 1 1_76 1 .03
78 1,14 0,13 2485 0,26 6,94 0,55 | 10,72 | 0,83 | 12,79 { 0,97
80 | 1,00 | 0,09 | 2,66 | 0715 | 661 | 0,37 | 10,99 | 0,64 | 13,89 | 0,74
82 | 0,67 | 0,06 | 2,01 | 0710 | 6,11 | 0727 | 11,97 | 0,49 | 15,47 | 0,56
84 | 0434 | 0,02 | 1,33 | 0308 | 5.39 | 0,21 | 11,86 | 0,43 | 1588 | 0,42
86 0,13 0,00 0,69 0,05 4,44 0,15 | 11,75 | 0437 | 16, 228 0,28
88 0,34 0403 2,78 0,10 9,08 | 0,31 | 15, 157 Oe15
90 O 07 Q00 0.95 0,04 7,13 1 0,25 14 04| 0,00

Comments: 1. In computing the emission coefficients from
Formula (8) it 1s necessary to convert from angles 0 and ¢ to
angles 6' and 6'. Further on, in correspondence with the normal-

ization in [6]1, 8’ should be taken in degrees and 6' in radians.

2. The unfinished graphs in the tables denote zero values of
the brightness coefficients.
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DETERMINING THE TEMPERATURE OF THE WATER SURFACE FROM RADIO
EMISSION IN THE CENTIMETER BAND

Yu. I. Rabinovich, G.G. Shchukin and V.V. Melent'yev

ABSTRACT: The possibility of aircraft measure-
ments of the temperature of the water surface in
the microwave band is discussed, the use of which
will permit obtaining information on the tempera-
ture of the underlying surface even in the presence
of hydrometeoric formations. The method of the
measurements is studied, according to which at the
present time only relative measurements can be
made, using the data of ground measurements to tie
in the water temperature at individual points of

the route. The results of investigations are
cited that were carried out in the regions of Lake
Ladoga and the Caspian Sea. Comparison of the ex-

Perimental data with ground measurements showed
that the mean square deviation 1s about 2°,

Determining the temperature of the underlying surface from 49
aircraft according to its emission is an important geophysical
problem. Such investigations have been made for some time now in
the infrared band of the spectrum, measurements which are strongly
distorted by the effect of the atmosphere. In the presence of a
cloud cover the possibility is generally eliminated of making
measurements in the IR-band.

The use of the microwave band of the spectrum permits obtaining
information concerning the temperature of the underlying surface
through clouds and precipitation, the effect of which is diminished
with increase in wave length. Large instrument errors of the micro-
wave measuring apparatus may be substantially reduced even at the
present time due to improvements in the apparatus and the methods of
calibration.

As noted in [1], taking the problems associated with absolute
calibration of the radiometric apparatus into account, at the
present time we may make only relative measurements and use them
for tying in the data from ground measurements of the water tempera-
ture at individual points of the route. The second limitation is
due to the transition from measured radiobrightness temperatures to
true temperatures, for which we must know the emission coefficient
of the surface. Just as in the infrared band, the temperature can
be determined only for a limited number of surfaces and mainly for
a water surface, whose emission coefficients have been studied
quite well as a function of the condition of the water [2].

Tc measure the temperature of the water surface we used a
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radiometric apparatus in the three-centimeter band. First of all
we made an evaluation of the possibility of using aircraft for
absolute measurements of the temperature of the water surface. The
fluctuation sensitivity of the radiometer is about 1.5° K. Hence,
if we allow for the fact that the error in measurements is caused
only by the sensitivity of the apparatus, the precision in the
measurements of the temperature of the water will be no more than

3 - uo ¢,

The real accuracy of the measurements in the channel X = 3.2
cm will not exceed 3° C, since errors exist, on the one hand, due
to the apparatus, i.e., the nonlinearity of the channel and errors
in determining the calibration signal, and on the other hand,
errors in determining the emission coefficient of the water surface,
i.e., the effect of temperature and salinity.

Moreover, in measuring in the three-centimeter band further
errors may arise due to the effect of the atmosphere, which can be /50
taken into account using the results obtained in [3] and [4]. These
data show that in changing the moisture content of a cloud-free
atmosphere from 0 to 60 mm of precipitated water the correction to
the radiobrightness temperature is from 2.5 to 5.5° K. Consequently,
if no data exist on the moisture content of the atmosphere, the
error will not exceed 1.5° K. With an increase in wave length up
to 8 - 10 cm the effect of the atmosphere on the radiobrightness
temperature drops sharply and under analogous conditions i1s several

5
/\'\‘*?\‘ ‘Q/
Nov, Ladoga

r

Petrokrepost?
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tens of degrees.

Measurements of the temperature of the water surface were made
using a radiometric apparatus, installed on an IL-18 airplane, in
the regions of the Caspian Sea and Lake Ladoga [5]. To make the
results of the measurements absolute, we used both data from the
hydrometeorological stations and special measurements of the water
temperature using an infrared radiation thermometer from the Main
Geophysical Observatory,installed on an IL-1% airplane. For com-
parison at the Caspian Sea we also used data of measurements of
the temperature on cruise ships of the merchant marine.

Figure 1 shows a map of Lake Ladoga, on which are plotted the
temperatures of the water obtained from data of measurements made
by the IR-apparatus (italic type) and from the radiometer (regular
type), operating in the three-centimeter band. The temperature
drops measured on the segment Valaam-Novaya Ladoga with the two
instruments differ only by 0.5°. On individual segments of the
route the divergences reach 1°. These measurements were made at
night in a cloud-free sky.

Similar results were obtained in the temperature mapping of 51
Lake Ladoga, made October 10 during the day (Fig. 2). Here, no
measurements by the infrared radiation thermometer were made and
for comparison we used the measurements from the stations at Sukho
and Valaam.

Figure 3 shows a map of
the Caspian Sea, obtained by
o~ T measurements for several days
3QR in the Fall of 1966. Four

o 'QZ routes are plotted on the map;
NN %g ( they were made for the period
N 7 o W ' from September 28 to October
Q 8, 1966. The measurements on
7 6, the route Neftyanyye Kamni -

Tyuleniy on October 8 were
accompanied by simultaneous
measurements of the water
temperature by an infrared
radiation thermometer from the
MGO¥* installed on an IL-14 air-
@@ plane. All the measurements
Sukho were made during cloud-free or
slightly cloudy weather (2 -
3 points on the Cu scale),
J B with the exception of the flight
on October 8, during which time
at individual segments (to the
L PeUmkreposH north of the Makhachkala Trav-

- T T B —— erse) the cloud cover reached
7 - 8 points.

PruozerSk
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To evaluate the error in the measurements we made multiple
measurements of the water temperature on a segment with a constant
temperature expanse near 30 km in the region of Neftyanyye Kamni.
The water temperature was controlled by the data from measurements
of the Hydrometeorological Service of Neftyannye Kamni. During a
pericd of one hour we made 20 measurements of the temperature:

Measurement 1 2 3 L 5 6 7 8 9 10
Temperature, deg. 21.6 20.8 20.2 21.3 21.0 21.0 20.8 20.2 20.8 20.5

Measurement 11 12 13 14 15 16 17 18 19 20 Average

Temperature, deg. 21.0 20.5 20.2 21.6 26 21.3 21.0 20.2 22.4
20.5 21.0 _
8 82 ] 66

Fort Shevchenko

- —lqq

\ _

Shi .19.8

. 8o
Tyuleniy..
Island '9(9
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The mean temperature, obtained from these measurements, prac-
tically agreed with the true temperature of the water according to
the data of measurements by the Hydrometeorological Service of
Neftyannye Kamni. The divergence was only 0.3°, The mean square
error in the measurements with respect to the mean temperature was
0.7°. The greatest deviation from the mean value At ax = 1.6°.

~
(6]
w

X

Similar comparisons were made from the results of measurements
on the route Neftyannye XKamni - Tyuleniy, which were accompanied by
measurements of the water temperature by a radiation thermometer.
In this case the greatest divergence between measurements At =

max
2.9°, and the mean square deviation between the 19 measurements, ob-
tained on the vroute, was about 2°. The rather poor results in

determining the water temperature here can be explained by the ef-
fect of the salinity of the water, which varied comnsiderably along
the route. In computing the true temperature of the water we used
a constant emission coefficient along the entire route.

The obtained results show that the method of measuring the
water temperature from radio emission, although it does not compete
in accuracy of the absolute values with the methods of infrared
technology, is still quite promising. Use of the 8 - 10 cm band
permits virtually eliminating the effect of the atmosphere and
carrying out measurements through clouds. However it is necessary
to substantially increase the fluctuation sensitivity of the radiome-
ter, bringing it to 0.2 - 0.5° K.
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THERMAL RADIATION FROM ICE IN THE CENTIMETER AND DECIMETER BANDS

A.A. Kurskaya, L.V. Fedorova and G.D. Yakovleva

ABSTRACT: The results of the brightness temp-
erature of the total thermal radiation from
water and a layer of uniform ice with plane in-
terfaces at wave lengths of 3, 10 and 30 cm for
vertical and horizontal polarization at angles
of sighting from 10 to 90° in the temperature
range of the ice surface from -5 to -30° C are
discussed. The computational .data are com-
pared with the experimental data obtained dur-
ing radiometric investigations of the thermal
radiation from fresh and sea water in the wave
bands of 3.2 and 30 cm. An analysis of the
polarization properties of the thermal radia-
tion from water and an ice layer in these wave
bands 1is given.

1. Computational Relationships and Electrical Properties of
Water and Ice.

In the radiowave band the brightness temperature of the thermal /54
radiation of a uniform semi-infinite medium is determined by the

expression

Tb=0fx(r>r(r>exp<~c,'> dr, (1)

where «(r) is the coefficient of absorption of the electromagnetic

energy in the medium, T(r) is the ;hermodynamic temperature of the
cos hy
medium in degrees Kelvin, ho== p— is the optical thickness

Vea
of the medium and r is the length of the path of integration of the
thermal radiation.

Let us look at the case of a three-layered space (Fig. 1),
when a uniform ice layer of finite thickness 7, with plane inter-
faces is found on the surface of the water (medium 3).

The thermal radio emission assumed in the air in this case
consists of three components, representing radiation from the water,
which has passed through the water/ice and ice/air interface, direct
radiation from the ice layer, which has passed through the ice/air
interface and finally, reradiation from the ice layer which is re-
flected from the ice/water interface and has passed through the
ice/air interface. The thermal radiation from the water and the
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reradiation from the ice along with absorption in the ice layer
undergo repeated reflections at its boundaries.

As a result of the large absorption in water, a very thin
layer will radiate that is directly adjacent to the ice surface,

whose thermodynamic temperature may be assumed constant and equal
to 273° K.

Taking the above 1into account, if we substitute the variable
under the integral in formula (1) by vy = z cosec hp, for the
brightness temperature of the total radiation from the water and the
ice layer, assumed in the air at the incident angle h; and define
it by Tp 321, Wwe can write the following expression:

Tbszx = [1 - IR21 (hx) P] { [1 - 2_1 l R21 (h1) P" l R‘zzx (}11) |2" X
[

X exp (— 2'15 % [T2 (2)] cosec &, dz) (T30 — | Rog (7)) [D) 4| Rog (1) 2 X
° (2) 55
: Fz A

.
¢ %, 1T, (2)] 5 (2) cosec hZexp( — % [T, (2)]-cosec 4, dz)dzj
0 \ 0

%o | T (2)] Ty (2) COsCC Ay Xp < — 5 %,y [ T5(2)] cosec £, dz> dz } ,

0

20

N

+)

0

where T3 is the thermodynamic temperature of the radiating layer of
water, equal to 273° K, To(z) is the thermodynamic temperature of
the ice layer, which depends linearly on z, R21(h1) and Ro3(hy) are
the Fresnel reflection coefficients at the ice/air and ice/water
interfaces, which are determined by complex dielectric constants of
the respective media, «2[T2(z)] is the absorption coefficient of
the electromagnetic energy in the ice layer which depends on its
temperature. The angle hy is related to the angle hi by Snellius

law. In this case T since ¢ = 1.
t=[u(r)dr— ° 1
0

The computations of the radiobrightness temperature Ty 331 were
made on a BESM-2 computer for wave lengths 3, 10 and 30 cm at
different temperatures of the ice surface in a range from -5 to
-30° C. The values of the electrical parameters of the water and

ice, taken from references [1-5] were used in making the computa-
tions.

Table 1 gives for the three wave lengths £ and tan & for fresh

water at a temperatnre of 0° C and fresh ice at a temperature of
-12° C.

The temperature dependence & of ice is apparent only at
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frequencies less than 10° Hz, therefore in the range under analysis
this value € does not depend on temperature. In the centimeter
band, tan 6 for the ice decreases
almost exponentially with decrease in
temperature [2]. The co=fficient of
absorption of the electromagnetic
energy in the ice layer, taking into
account that tan 6§ of the ice with
below-zero temperatures is considera-

x bly less than unity, can be computed
t2 from the formula,

2m tan 6vVe

K = —————7—————neper/m,
or (3)
2n~8.68§ tan &ve db/

Fig. 1. Schematic of a
Three-Layered Space. 1.
Air (g1 = 1); 2. Ice (€2,
tans8); 3. Water (e3,
tangd).

TABLE 1: THE VALUES OF € AND tan & FOR FRESH WATER AND FRESH ICE

Water ¢° C Ice —12° C
A s . - e
€ tand . 104 € tan & . 104
3 40 10 000 3,1 7
10 80 4000 3,25 9
30 90 1100 3,4 12,5

2. Analysis of the Results of Computing Tp 32;.

The computational results of the radiobrightness temperature, /57
carried out for the vertical and horizontal polarization with change =
in the incident angle h; from 10 to 90°, are shown on Figure 2.

The total thermal radiation from the water and the ice layer is a
polarized radiation. In the case of small incident angles the de-
gree to which Ty 321 depends on the thickness of the ice 7, is
quite small and increases smoothly with increase in the jincident
angle for horizontal polarization in the range of angles from 10 to
90° and for vertical polarization - from 10 to 25°, remaining
constant with any further increase in the incident angle.

With an increase in wave length the brightness temperature is
lowered, especially sharply in the wave band up to 10 cm. In the
decimeter band the dependence of Ty 321 on wave length is expressed

more weakly.

58




65

Tp 327K

250

200

150

/ / /

] [ 1
01w 36 50 70 390 o1 30 50 70 30 011 30 50

1
70 90h?

Fig. 2. Brightness Temperature Tp 321 as a Function of the Incident Angle
h; For Vertical and Horizontal Polarization For Three Wave Lengths and

Different Thicknesses of the Ice. a. A = 3 cm, tj.e gupf. = -5° C; b. A
= 10 cm, tice gurf. = -10° C; c. A = 30 cm, tj.e gupf., = -10° C.

~

[(8)]



With an ice thickness not exceeding 110 cm the greatest slope
of the curve Ty 321 = f(ly) occurs at a wave length of 3 cm, and
rapidly decreases with increase
in ice thickness in comparison

Hcesurﬁ with its slower increase at a

Fps2e K /nfc wave length of 10 cm. The
a50 70 steepness of the curve Ty 321
A = f(12) at a wave length of
//ng 30 cm is virtually constant
with increase in ice thickness.
// Thus, with a large ice thick-
7 ness (1lp > 100 cm) the dif-

W

ference in the steepness of

the curves depicting bright-
ness temperature as a function
of ice thickness is smoothed

out at the various wave lengths.

7

y

‘_\\\

150
The effect of temperature
| . of the ice surface on bright-
2 4% 8 20 40 60100 200 400 1000 1scm ness temperature of emission
in the case of the model under
Fig. 3. Brightness Temperature study increases with increase
Ty 321 as a Function of Thick- in the ice thickness and is
ness of the Ice at a 3 cm Wave characterized by a decrease in
Length and an Incident Angle of Ty 321 with lowered surface
hy = 90° for Different Ice temperature (Figs. 3 - 5).

Surface Temperatures.

Along with the computations of the brightness temperature of
the total radiation from the water and the ice layer we made computa-
tions of the radiobrightness temperature of the thermal radiation
from an open water surface at a temperature of 0° C. The computa-
tions were made from the formula,

Tb-?l:Ts (I — [ Ry (h) P, ()

where T3 1s the thermodynamic temperature of the radiating layer of
water, equal to 273° K, R3zj(h;) is the Fresnel reflection coefficient

at the interface water/air.

The dependence of Ty 321 on the incident angle h; for vertical
and horizontal polarization for the three wave lengths is shown on

Figure 2 (the case of I, = 0).

With horizontal polarization the formation of a comparatively
thin layer of transparent ice with a thickness on the order of the
wave length and any incident angle on the surface of the water is
accompanied by a sudden jump in the brightness temperature which is

approximately 45 - 50° K.

With vertical polarization the radiobrightness temperature of
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radiation from the water which has passed through a layer of trans-
parent ice becomes.greater than the radiobrightness temperature

of the radiation from an open water surface with incident angles
that exceed the Brewster angle. Another distinguishing feature of
the thermal radiation from the water covered with a layer of ice is
its relative depolarization in comparison with radiation from an
open water surface.

The degree of polarization may be characterized by the coef-
ficient of polarization which is equal to the ratio of the difference
in brightness temperatures with vertical and horizontal polarization
to their sum:

_ Ty vert ~ 'b horiz
P oo LT ()
b vert + b horiz
EE; K tice surf,.
[ 5°C
a0t - . - ;10 T21°K Yice surf,
200 - 15 80 — ] - -5°C
| 5 [
190 : 50 170 + A -15

v,
/-3
160 60} - - — ] %‘30
0 /

4
// 150 |- Ik SR —~—///,{%

.

160 }
. Y7 | et
J /l' 140 + et T 1
ol | - R R, 7
5
L ~
750 —fjﬁﬁ b ,

T2 4 610 20 4060100200 400 10001, cns 12 4 610 20 40 60100160 3005001, cm
Fig. 4. Brightness Tempera- Fig. 5. Brightness Tempera-
ture Ty 321 as a Function of ture Ty 321 as a Function of
Ice Thickness at a Wave Ice Thickness at a Wave Length
Length of 10 ce¢m and an Inci- of 30 cm and an Incident Angle
dent Angle of hy] = 90° for of hy = 90° for Different
Different Temperatures of the Temperatures of the Ice Surface.

Ice Surface.
3. Comparison with Experimental Data

For comparison of the computational data with experimental
data we used the results of radiometric investigations of the thermal

radiation from fresh ice with a thickness of 70 - 90 cm on the
Medvezh' Lakes in the Moscow District and sea ice with a thickness
of 1.8 - 2 m in the region of Dixon Island at wave lengths of 3.2
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and 30 cm.

The relative errors in measuring the brightness temperature at
a wave length of 3.2 cm on the average was 13% and at a wave length
of 30 cm, 20%. For the purpose of eliminating any effect from the
snow cover in carrying out the measurements of the radio emission
from pure ice, we removed the snow.

Typical examples of the comparison of the computation curves
depicting the dependence of Ty 321 on the incident angle h; with
vertical and horizontal polarization with experimental data for
fresh ice are shown on Figures 6 and 7. At a wave length of 3.2
em the radio emission is substantially depolarized: +the experi-
mental values of the brightness temperatures with vertical polari-
zation are smaller than, and with horizontal polarization are
greater than, the computational values. At a wave length of 30 cm,
the polarization properties of the radiation are expressed more
strongly than in the centimeter band.

As is clear from Figure 8, the values of the polarization
characteristics for different optical thicknesses of the ice T4
agree sufficiently well with the computed curves, representing the
model being studied with plane boundaries. Comparison of the
polarization characteristics in the decimeter and centimeter bands
(Figs. 9 and 10) shows that the degree of depolarization of the
radiation in comparison with the computational data is increased
significantly with shortening of the wave length. This can be ex-
plained obviously by the larger effect from the irregularity in the
interface in the centimeter band.

Figure 11 shows two computed curves of the coefficient of
polarization for a smooth and an irregular interface ice/air when
€o = 3.1. The experimental points obtained in measuring the thermal
radiation from fresh ice at a wave length of 3.2 cm are similar to
the computed curve for an irregular surface.

Thazs K I
0,
7f.iF -5C
:70cr
200 /Q/O o ©
% - -
x /K/a’
et
00 v V Fig. 6. Comparison of the Bright-
fé ness Temperature of the Thermal
Radiation from Fresh Ice with Com-
puted Curves at a Wave Length of 3.2
% em. 1. Vertical Polarization; 2.

Horizontal Polarization.
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Thermal Radiation from Fresh Thermal Radiation from Fresh Ice
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Different Optical Thicknesses Computed Curves. 1. T, = 0.02;
of the Ice at a Wave Length of 2. € = 3.13 3. X = 30 cmj; 4.

30 cm. 1. tp = 0.215; 2. 14, =
0.43; 3. March 19, T; = -4° C;
4, March 28, T; = -1.5° C.

A = 3.2 cm.
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From Figure 10 it follows that the integral absorption in a

layer of sea ice 1s large in comparison with fresh ice. The polar-
ization curve for sea ice lies below the polarization curve for
fresh ice.

P3ar

A\
G4 .,

-— 2
° J P 22
\ x 4 a3 ‘ -

Q3 7

v {

o]
\\ \ Q2 \\ |
Q2 X x \L
\ \ .
\\ Q7 y\:,
AN \
&’ AN —
A o o- ]
20 40 6o h,
I

o o . .

10 20 30 40 50 60 70 %y Fig. 11. Comparison of the

Polarization Characteristics of

Fig. 10. Comparison of the Thermal Radiation from Fresh Ice

Polarization Characteristics with a Thickness of 90 cm at a

of Thermal Radiation from Wave Length of 3.2 cm with Com-

Sea TIce with Computed Curves. puted Curves for a Smooth (1)

1. 1., = 0.043 2, €9 = 3.1; and a Rough (2) Interface Ice/

3. A = 30 cmy; 4. A = 3.2 cm. Air when €, = 3.1, T; = 6° C,

hr = 4o°.
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DETERMINING THE WATER VAPOR CONTENT IN THE ATMOSPHERE FROM
MEASUREMENTS OF MICROWAVE RADIATION

Yu. I. Rabinovich and G.G. Shchukin

ABSTRACT: The transfer of microwave radiation
in a cloud-free atmosphere for different models
and for several real profiles of humidity and
temperature is studied. The results of ground
measurements of the thermal radio emission from
the atmosphere in lines of absorption of water
vapor A = 1.35 cm and of aircraft measurements
of the total radio emission from the system
Earth-atmosphere are cited. These data are
used for determining the total water vapor con-
tent in the atmosphere as a function of the me-
teorological conditions. A comparison of the
ground and aircraft measurements is made with
the theoretical computations. The mean rela-
tive error in determining the total water wvapor
content is found to be in the range from 11 to
16%. It is shown that with such measurements,
using a radiometric apparatus installed on art-
ificial Earth satellites, over the water sur-
face 8 - 10 gradations can be obtained in the
total water vapor content in the atmosphere in
the range of its possible variation from 5 to
60 mm of precipitated water.

Introduction. Basic Methods

Determination of the total moisture content and the vertical
distribution of water vapor in the atmosphere is a very real prob-
lem in satellite meteorology. At the present time methods are
basically being developed for determining the integral moisture
content from measurements of the spectral intensity of emitted

radiation in the infrared spectral range in the bands of water vapor
absorption.

The lines of H O absorption occur in the microwave spectral
band. Measurements in this band have a number of advantages in
comparison with the methods of IR-technology, the bases of which
are the possibilities of measuring through clouds which are trans-

parent to the radio band, and the higher sensitivity of the radio
receivers.

élong with this, there are certain problems associated with
allow%ng for the radiation from the Earth's surface, having large
and highly varying reflection coefficients.

65

/62



In studying microwave radiation from the atmosphere, it is

convenlent to use an expression for the radiobrightness temperatures,

rather than for the intensities, bearing in mind the linear re-
lationship between them, determined by the Rayleigh-Jeans formula.

The radiobrightness temperature of the anabatic radiation is
related to the temperature profile and to the temperature of the
underlying surface by the following relationship:

/3

h h
szeTpexp(— j o sec 6’ a’z) -+ S T(2)asect’ exp(— jasecﬂ’dz)dz—i—
0 g 0

Z

=]

+1Jde | re, o 0, ¢)sinbeostds | T(2)asectexp X

0 0 0

z h
x(hjasecﬁdz)dz exp(—Sasecﬂ’dz), (1)
0 0

where T, 1s the physical temperature of the underlying surface;
T(z) is the physical temperature of the atmosphere at an altitude
z, o is the attentuation factor in the atmospheric gases; 6, ¢

are the angular coordinates of the incident radiation; 6', ¢' are
the angular coordinates of the departing radiation: r(6, ¢, 8', ¢')
is the coefficient of brightness on the Edrth's surface; € is the
emission coefficient of the underlying surface; h is the altitude
at which the radiation receiver 1s placed; z is the vertical co-
ordinate.

The first term of the formula describes the radiation from the
underlying surface, attenuated by the layer of atmosphere and ar-
riving at a certain altitude h above sea level.

The second term represents the radiation from the layer of
atmosphere from the level of the Earth to the altitude h.

The third term describes radiation from the entire atmosphere,
reflected from the underlying surface and attenuated by the layer
of atmosphere from 0 to h. This formula is valid for all cases
when it is not necessary to allow for scattering as is the case
with the transfer of microwave radiation in a cloud-free atmosphere
[1]. Moreover, the radio emission from outer space is not taken
into account, since its value is negligibly small in a wave length
band shorter than 10 cm [7].

Investigation of the absorption spectrum of the fundamental
atmospheric gases shows that only oxygen and water vapor possess
substantial absorption at wave lengths greater than 1 mm.
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In the microwave band there are lines of resonance absorption
of oxygen, centered near A
of water vapor shown on .Table 1 [8].

0.25 cm and A = 0.5 cm, and the lines

TABLE 1. O0f greatest interest for
- measuring the water content is
Wave Relative the line A = 1.35 cm, which does

length, mm

intensity

not coincide with the lines of
oxygen absorption and has an op-
timal absorption coefficient,

;gf&g 3,3 104 which permits obtaining informa-

1,63+0,2 LQ-WZ tion concerning the amount of
{%%%g %g:ﬁq water vapor in the entire thick-
e __Va *

ness of the atmosphere.

Thus, in computing attentua-
tion of the microwave radiation
it is necessary to take into account only the absorption in 0y and

H,0. Consequently, the attentuation factor in formula (1) will
have the form

a:“02+aHzo' (2)

Here we should note the important advantage of the microwave
band in comparison with the infrared. In the microwave spectral
band the absorption takes place in individual lines, distributed
at considerable distances from one another. The line width X =
1.35 ¢cm comprises an order of magnitude of 0.1 em™! with a trans-
mission band of modern radiometers of about 0.001 cm~!. This permits
considering the assumed radiation as monochromatic and using ordinary
absorption coefficients instead of the transmission functions.

Computations of the absorption coefficients were made by Van

Vieck and Weisskopf [9-11] and subsequently refined by Zhevakin and
Naumov [2, 3].

Figure 1 shows a graph of the dependence of the specific ab- /64
sorption coefficient of water vapor on pressure and temperature,
computed from the formula

2 - 644'T A A
0= 1,05 - 10728 MY [ Dt 5 ]—I—

A N A R
(3)
NvZaA
76 - 1078 o cw,

where N is the number of Hy0 molecules per unit volume, vg is the

resonance frequency, Avp is the half-width of the 1line produced
by intermolecular collisions
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T

where P is the atmospheric pressure and p is the density of the
Hy0 per g/m3.

The dependence of the ab-

a+10"%km~1/g/m3 sorption coefficient in oxygen
,80F 265mb is quite well known:
760 . P 2 7o \5/2

L ao,~%(—P—5) (T) ’ (5)
140F
mat “ou where og is the absorption co-

efficient in 0, for standard
conditions Py = 1013 mb, Ty =

700} 500 293° K.
-
8o+ ,////””—‘———__—‘— 1. Microwave Radiation from an
| ’/”—___—_________—wmo Atmosphere having a Specified
Structure.
L 850 .
6o 00 Analysis of the Effect of
- — Various Factors.
401._1 i | | 1 { 1 | I A S T °
220 240 260 280 300 320T°K

In making the computations /65
of radiobrightness temperatures -
we used the standard distribu-
tions of temperature and moisture
content.

Fig. 1. Specific Absorption
Coefficient of Water Vapor as
a Function of Temperature and
Pressure (A = 1.35 cm).

For the temperature profile we used a model of the atmosphere
which is characterized by the following data:

To—1z (0 kM2 M)
T()y={ T=T; (Il xm<<z2<25 kM) (6)
Th+12 (25 kM<Cz<{47 km),

where y; = 6.5°/km, y, = 3.0°/km.

For the vertical distribution of the specific moisture content
we used a model which was proposed by M.S. Malkevich [3]:'

ge” 0 kM <L z<<16 kM)

2)== 7
7(2) 7™ CT1 (16: kM << 2 <31 kwm). (7

By numerical integration of equation (1) the atmosphere was
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divided into layers having a thickness of 0.5 km for the first 3

km, a thickness of-1 km up to 11 km, and a thickness of 5 km up to
31 km.

The data required for the computations on the emission coef-

ficients of the water surface under various conditions were taken
from [5].

From equation (1) and the formulas for the profiles of the
meteorological elements and emission coefficients we programmed a
"Ural-4'" digital computer and made the computations.

Table 2 gives the original parameters, according to which we
made the computations: T, is the physical temperature of the under-
lying surface, pg is the absolute moisture content, Ug, Pg and Ty
represent the relative moisture content, the atmospheric pressure
and the temperature of the air on the Earth's surface, respectively.

TABLE 2.
Saliﬁity of the | o 3
h Ty © Uo? Pymb

water, 0/00 Tp K o °K Jo%0or 0 po g/m
40 298 288 0, 20, 40, 60, 80, 100 1013
203 0, 20) 40, 60, 80, 100 1013
208 0, 20, 40, 60. 80, 100 1013
303 0, 20, 40, 60, 80, 100 1013
273 273 60, 80 1013
278 60, 80 1013
0 283 278 60, 80 1013
283 60, 80 1013
288 : 60 80 1013
293 288 60, 80 1013
293 60, 80 1013
298 60, 80 1013

40 298 288 1013 7.9; 156

293 7.5 15

298 745; 15

303 7.5; 15

298 1100 15
298 900 15
Moreover, we made computations for the real profiles of the /66

meteorological elements obtained during ground and aircraft measure-
ments. The computational results are presented in the form of a
summary graph (Fig. 2), where the radiobrightness temperature Ty is

given as a function of the amount of precipitated water W in the
entire thickness of the atmosphere.

In order for it to be easy to trace the dependence of the
radiobrightness temperature on the various factors, we can look
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individually at the three terms in equation (1). Figure 3 shows the
dependences of the components of the r&diobrightness temperature

for various conditions. TFigure 3a shows the radiobrightness
temperature of the water surface (when Tp = 208° K, salinity 40
0/00), attenuated by the effect of the thickness of the atmosphere
with temperatures at the Earth's surface Ty equal to 288, 293, 298
and 303° K, as a function of the total water content. From the
graph it is obvious that the effect of the temperature of the -air is

virtually nonexistent.

Figures 3b and 3c show the dependences of the radiation from
the atmosphere and the back radiation from the atmosphere, reflected
from the surface of the water, on the water content. These graphs
in comparison with Figure 3a have an inverse dependence on water
content. Moreover, here the air temperature already exerts amn

influence.

If we look at the computational results obtained, we can
evaluate the influence of the individual factors on the accuracy of
the measurement of the total water content.

Salinity of the Water. Change in the salinity of the water
from 0 to 40 0/00 gives on the average an increase in the radio-

brightness temperatures up to 3° K. This 1is illustrated in Table 3.
TABLE 3.
Udo Tg°K Ty °K l Ty, (/) °K | Ty (40%) °K| AT
60 298 288 145,7 148,7 3
80 298 288 153,2 156,2 3

Here we look at two cases which differ in the water content.
Both of them give an increase in the radiobrightness temperature by
3° during transition from fresh water to sea water.

Temperature of the Air on the Surface of the Water. The in-
fluence of the air temperature can be seen in the data of Table 4,
in which the changes in radiobrightness temperatures are shown for

various amounts of water content for two air temperatures (Ty = 288°
K and Tg = 303° K) over the water surface (T, = 298° K, salinity
40 0/00). With the largest water content which makes sense under

these conditions, the greatest change in the radiobrightness
temperature is 3.2° K.
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Fig. 2. Radio Emission from the System Earth-Atmosphere (A = 1.35 /67
cm) Sea Water (T, = 298° K, 40 0/00): 1. Ty = 288° K; 2. To = 293°K;
3. Tg = 298° K; E. Tg = 303° K; Fresh Water (Tp = 273° K, 0 0/00):
5. Tg = 273° K; 6. Tg = 278° K; Fresh Water (T, = 283° K, 0 0/00):
7. Tg = 278° K; 8. Tg = 283° K; 9. Tg = 288° K; Fresh Water (T, =

293° K, 0 0/00): 10. Tp = 288° K; 1l. Tg = 293° K; 12. Ty = 288° K;
13. Ty For Real Profiles; 14. Experimental Data Ty.
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TABLE 4,

W mm | Ty (To=288 °K) | Ty, (To=1303 °K) ATL
5 131,7 1323 046
10 1406 142,4 1,8
15 1495 161,3 1,8
20 157,8 160,0 242
24 164,0 167,2 352
Temperature of the Water Surface. Change in temperature of
the fresh water by 10° C leads to a error in measuring the radio-
brightness temperature that does not exceed 2° K. This 1is obvious
from the computational data shown on Table 5.
TABLE 5.
To =278 °K To=288 °K
Uy
Z‘p: 273 °K 7,'p= 283 °K Tp= 283 °K sz 293 °K
60 135,1 133,6 1473 1456
80 139,6 138,2 154,7 153,2
Afmospheric Pressure on the Earth's Surface. Change in Py

from 1100 to 900 mb leads to a drop in the values of Ty by 6° K.
For real changes in Py consisting of about 60 - 100 mb, ATy will be
2 - 3° K.

Comparison with Real Profiles of the Meteorological Elements.
We computed the values of the radiobrightness temperatures from the
profiles of the Hy0 obtained during measurements at Voyeykovo, over
Lake Ladoga and the Caspian Sea for Summer and Fall. The maximal
divergence between Tp, computed from the real and the standard
profiles of the meteorological elements, does not exceed L° K.

These dimensions characterize the influence of individual
factors on the radiobrightness temperature. However this does not
mean that all of them must be summed in determining the error.
Moreover, evaluation of the possible accuracy of the measurements
can be made from the graph (Fig. 2) plotted from the results of
theoretical calculations. This graph encompasses a wide spectrum
of the various meteorological conditions characterizing the state
of the atmosphere and the water surface, and from this we can ap-
proximately evaluate the amount of the error in determining the
total moisture content if we know only the radiobrightness tempera-
ture of the water surface. This error is determined by the width
of the family of individual functions Ty = £f(W). The results of
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this evaluation are shown on Table 6.

TABLE 6.
Variation range of Moisture Content, mm... 0-10 10-25 25-55
Absolute error, mm of precipitated water 2.5 3.5 4.5

2. Aircraft Measurements and Their Anralysis

Experimental proof of the dependence of radio emission from
the underlying surface and the atmosphere on the total moisture
content was carried out by measurements from an IL-18 airplane. The
method of the measurements and the instruments used in these flights
are described in detail in [6].

The flights were made over the Caspian Sea and Lake Ladoga in
the Summer and Fall of 1966 in a cloud-free sky. Moreover, in the
Fall of 1965 at Voyeykovo at the observatory base, measurements were
made of the radiobrightness temperatures of the sky at the zenith
using the same instruments that were used under ground conditions.

Vertical sounding of the atmosphere up to altitudes of 9 - 10 70
km were made with simultaneous measurements of the profile of
temperature, moisture and pressure using an electrometeograph over
the segments of the water surface chosen that are uniform in temper-
ature, In this case we can compare the computational and the ex-
perimental values of the radiobrightness temperatures as well as
determine the moisture content of the atmosphere from measuring the
radiobrightness temperature by using the theoretical computations

(Fig. 2).

In determining the total moisture content Wy from the graphs
in Figure 2 the took the average climatic data as the data for the
fresh or sea water temperatures.

The results of the measurements and their comparison with the
theoretical computations are shown on Table 7.

TABLE 7.
. o o o AW,
Date Region Tp°K I'py°K IATbl Wy mm #mm 0
Experi- | Theoret-
mental ical
1966
June 1l1|Lake Ladogal 154.8 156.8 2.0 19.0 19.2 1.0
June 13 " 142.9 139.4 3.5 13.0 13.3 2.3
June 17 " 144.8 145.8 1.0 14.0 12.6 { 11.0
June 20 " 173.5 173.3 0.2 30.8 29.4 bh.8
June 23 " 167.0 l64.8 2.2 27.5 24,1 | 14.1
June 28| Caspian Seal 170.0 173.0 3.0 27.4 29.9 8.4
Oct. 3 " 167.0 166.0 1.0 25.4 26.9 5.6
Oct. 6 " 161.7 170.9 9.2 22.0 26.0 | 15.4
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If we analyze the results of the comparison, we can note
completely satisfactory agreement between the results of the compu-
tations and the experiment. The greatest relative error in deter-
mining the overall moisture content 1s no more than 16%, and the
average for all cases of measurements is 10%.

3. Ground Measurements and Their Analysis

It is of interest to study the data as well which were obtained
during the ground measurements where, for comparison, we can use
the theoretical computations made according to formula (1). The
program for the computations was set up in such a way that as the
intermediate result, we had the radiobrightness temperature of the
sky as

T = XT(z)asecﬂexp(— j asecﬂdz) dz.
bs 0 0

(8)

The computational results from formula (8) are shown in the
form of a graph giving the radiobrightness temperature as a function
of the total moisture content of the atmosphere for various air
temperatures on the surface of the Earth (Table 2). From these
data we made the evaluations of the influence of the various factors
which were similarly satisfied for measurements from above. With-
out stopping to examine the influence of each of them, we can show
that the scatter in values of the total water content determined
from the ground measurements 1is less than in the previous case and
is characterized by the data in Table 8.

TABLE 8. 71

Variation range of moisture content,

mm of precipitated water 0 - 10 10-25 25-55
Absolute error, mm of precipitated
water 1.0 2.5 3.5

For practical utilization of the computational results we may’
propose a correlation equation between the total moisture content
in centimeters of precipitated water and the radiobrightness tempera-
ture of the sky

W = 0,0567; — 0,16. (o)

These results were proven by comparison with the data from /72
ground measurements of the radicbrightness temperatures of the sky,
the results of which are shown on Table 9.

The data from the total moisture content of the entire thick-
ness of the atmosphere Wy, g were obtained from the results of radio
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TABLE 9.

Date Thg®K Trs®K o AW AW

Exper. Theor. ATD l Wpmm Wp/smm Wr/so gi Wa
1965
Aug. 7 4g.9 51.4 1.5 24.8 22.25 6.9 23.5 5.
Aug. 9 29.0 28.6 0.4 15.0 13.84 8.6 13.0 | 15
Sept. 9 L2.5 1.9 0.6 23.2 21.40 8.4 19.8 1 17
Sept. 9 38.8 45.3 6.5 21.2 23.40 9.4 17.9 18
Sept. 10, 60.0 61.2 1.2 34.0 31.00 9.7 28.5 [ 19
Sept. 11 46.80} 53.10 6.3 26.0 27.3 b.8 21.9 1} 18
Sept. 16 30.0 31.8 1.8 15.8 16.0 13.0 13.5 ] 17
Sept. 18 35.8 34.8 1.0 19.2 17.2 12.0 le.u | 17
Sept. 25 35.0 nl.4 6.4 18.8 21.2 11.0 16.0 | 17
Oct. 2 16.5 22.7 6.2 8.1 10.6 23.6 6.8 19
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sounding of the Voyeyokovo Meteorological Station.

If we analyze the results of the comparison, we can see that
in this case we observe fully satisfactory agreement of the results
of the computations and the experiment. The error in determining
Tp g from the computations does not exceed 6° K. On the one hand,
this characterizes the accuracy of the measurements assured by the
measuring instruments and on the other hand confirms the correct
choice of the theoretical plan and model of the atmosphere.

The greatest relative error in determining the total moisture
content from the ground measurements of the radiobrightness temper-
ature of the sky at the zenith does not exceed 24%, and the mean is
11%. Moreover, by comparing the total moisture content Wp, deter-
mined from the graph on Figure 4, and W5 determined from the approxi-
mation formula, we can see that the mean relative error in using
the formula does not exceed 16%.

Conclusions

The obtained theoretical and experimental data fully confirm
the possibility of determining the total moisture content of a
cloud-free atmosphere from measuring the radio emission from the
underlying surface and the atmosphere in the absorption band of the
water vapor A = 1.35 cm.

If we use a radiometric instrument analogous to that with
which we obtained the experimental data discussed above, we can
make our measurements of the total moisture content of the atmos-
phere from an artificial Earth satellite over the underlying water
surface with 8 - 10 gradations in thé variation range of moisture
content from 5 to 60 mm of precipitated water. Here 1t is suf-
ficient to use the value of the water temperature (for the oceans)
according to the mean climatological data. If we take into account
the small dependence of the measurement results on the temperature
of the underlying surface, we may assume that we can measure the
moisture content over a uniform expanse of ground formations with a

slightly lesser accuracy (4 - 5 gradations).
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ABSORPTION AND SCATTERING OF MICROWAVES IN PRECIPITATION
K.S. Shifrin and M.M. Chernyak

ABSTRACT: The results of computations in the
absorption coefficient and the natural thermal
radiation are given for individual drops from
clouds and precipitation, and for the unit
volume. For small drops there is a curious
anomalous effect, i.e., with heating the
thermal radiation from these systems drops.
The characteristic curves of scattering from
individual drops and for the unit volume in
the microwave band are also computed for the
various spectra of particles. These data are
necessary for accurate computations of the
transfer of microwave radiation in hydrometeors.

Scattering and attenuation of radio waves by drops from clouds
and precipitation are of great interest for radiometeorology and
radioastronomy. Solution to a number of problems requires know-
ledge of the attenuation factors, scattering coefficients and the
characteristic curves of scattering of microradiowaves by precipita-
tion of different intensities and different temperatures. TFor this
purpose we made calculations of the attenuation factors and the
scattering coefficients and the characteristic curves of individual
drops of water for temperatures of -10.0, 0 + 10.0, 20.0° C and
wave lengths of 0.8, 1.35, 1.6, 2.5, 3.2, 4.0, 5.6 and 8.5 cm. The
results of these computations were examined in [1]. In the present
paper we cite data on the absorption coefficients, their dependence
on temperature and dimensions of the drops. We look at the in-
fluence of the width of the spectrum of drop distribution according
to the form of the characteristic curves of scattering and the
possibility of approximating it in a series of Legendre polynomials.
We give the numerical data of the expansion coefficients for pre-
cipitation of various intensities.

1. Reference Formulas for the Computations.

As we know [2], the absorption coefficient of a particle is
equal to the difference between the attenuation factor and the
scattering coefficient, which can be computed from the following
formulas:

27:2:
b azhm_nuw+nm-mx (1)

3
=
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a2 N 2 (I 4 1)2
k= tg =1 514—1) (e P[0, (2)

bp—h— ()

The coefficients c; and b; are expressed through the Bessel
and Hankel functions from the arguments p and mp, where m = n - ik
is the complex refractive index. The values of m for the wave
lengths and temperatures given above are computed from the Debye

formulas given in [11].

Very often it is more convenient to operate, rather than with
the coefficients, with the effective factors of attenuation, scat-
tering and absorption which are related to the respective coefficients
by the following equations:

K= Krr=;k272' Kp:‘%‘;"
When p = 2;a << 1 and lm|p > 1, formulas (1) and (2) convert /75
to the following:
K =¥ i (— T ) )
Kr:%f Lmn:-%z' (5)
Kb==K——k}. (6)

The basic mass of the cloud drops, whose dimensions do not
exceed 100 u, for X > 0.8 cm, may be presumed "small'", and the
computations of K, K, are made from formulas (4) and (5). Here,
since the radius of the drop a is small, K > K,, and the effective
factor of absorption K, practically coincides with K. For drops
from precipitation, the computations must be made from the complete
formulas (1) and (2).

The normalized characteristic curves of scattering for a drop
of water is computed from the formula

it
f @ m,p)= g (7)

where B is the angle of scattering, and functions i; and 1, are
related to the amplitudes of the partial waves cj, bj and the
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angular functions Qj(cos B) and Sjy(cos B) by the following relation-

ships [2]:

2

2 (c,Q,+ b,S))

i=1

l1= ?

2

2 €S+ 6,Q)

=1

RS

Per unit volume of precipitations the normalized character-
istic curves of scattering and the absorption coefficient are
determined by the following relationships:

§ @K .(m. p) £:3, m, ¢) N (a) da
F@B, m, p=" (10)

@ ’

g' az K {m, p) N (a) da

tp=" | @K, .(m, p) N (a)da,
’ (11)

where N(a) is the distribution density of the drops by size.

As the distribution function of the drops by size we used the
Marshal-Palmer distribution for precipitations

N(a) =N0€_‘m, (12)

where Ng = 8:1072 cm™%, x = g2P 0.2l cpn~l | P is the intensity of
the precipitations in mm/hr. The number of drops per cm3, the
radii of which lie in the range from a to a + da, will be equal to
N(a)da.

2. Effective Factor of Absorption as a Function of Drop
Size and of Temperature

The results from computing the effective factor of absorption
are illustrated by the graph on Figure 1, along the abscissa axis
of which are plotted the diameters of the drops in millimeters.

On the figure we can see the dependence of K, on the refractive
index m and its imaginary part. If we compare these curves with the
analogous curves with small absorption, we can then see that in this

latter case there are clearly expressed diffraction maxima whose
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values drop in proportion to increase in p. With increase in the
imaginary part of the refractive index the diffraction maxima are
attenuated and a part of them
generally disappears. In the

{
J<p centimeter band K, has only
B one weakly expressed diffraction
T=/0°C maximum. It is weakly ex-
er pressed for the effective
A=lBcm factor of attenuation K. In
or proportion to the increase in

32 the particle the dependence of

ar the effective factor of absorp-

i t%on on the ?efractive index

b L . ) ) . disappears since K and Ko cease
7 2 3 4 5 6 dmm to depend on it [2].

Fig. 1. Effective Factor of Figure 2 shows the tempera-

Absorption as a Function of ture dependence of the effec-

Drop Size. tive factor of absorption on

1 1 1 ] ! 1_..1
o 2 4 & armm

Fig. 2. Temperature Dependence of the Effective Factor of Absorp-
tion on Drop Diameter.

drop diameter for wave lengths 0.8 cm (a), 1.6 cm (b) and 3.2 cm
(c). Along the ordinate axis is plotted the ratio of the effective /7
factor of absorption at the temperature shown on the graph, to its
value at 0° C, and along the abscissa axis is plotted the diameter
of the drops. As we can see, Ky, especially for X = 0.8 cm, at
below-zero temperatures exceeds the respective value for above-zero
temperatures. The effective factor of absorption for X < 3.2 cm

and particles with a > 2.5 mm at a temperature of -10° C remains
larger here than at temperatures of 10 and 20° C. Qualitatively
such a dependence for K, can be understood by comparing the tempera-
ture dependence of n and «.

With a decrease in the temperature, n and k are decreased.
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The rate of decrease of n is greater than that of x. This means
that with a decrease in temperature the reflection of the radiation
from the surface of the drop will be decreased. More energy will
enter it and since «k varied little, the greater incident energy
will be the absorption energy. The increase in absorption with
drop in temperature leads to the intensity of the natural thermal
radiation from a small particle increasing with decrease in the
temperature.

Table 1 shows for illustration of this effect, the values of
the brightness of radiation B of a drop with a radius of 10 u.
From the table it is clear that with an increase in temperature the
radiation from the drops decreases. This anomalous dependence of
radiation on temperature can be explained in the following manner.

TABLE 1 The effect of temperature
e on k_ = k,(T) and the Planck
B . 1018 W/mzfiz f?ncgion ®# = B%(T) is contra-
T oC o dictory. For small drops the
I . . . .
A =0,62 oM &= 1,24 cm| h—3,2 cm drop in kp with increase in T
t is so high that it surpasses
. - 1 the increase in B®(T) such that
%g ﬁgg E}% %8% on the whole the radiation from
8 mh7 1,26 (ﬁ%4 the drop decreases. For large
drops k, depends 1little on T and
the patg of the radiation with
change in T is determined by the
path of the function B®*(T).
TABLE 2
p Az=0a8 cm A=1,35 cm L= 1,6 cm A=:32 cm
nnn/hr A —1 ) 1 X . —~1 A . —1
S ‘*{pKM .S Tk S ‘p KM S \pK'"
2 0431 0,1302 0,14 0,0525 0,11 0,0377 0,05 0,0052
3 0,33 | 0,1910 | 0,17 | 0,0806 | 0413 | 0,0588 | 0,05 | 0.0092
5 0,36 0, 3061 0,20 0,1371 0,16 1,1021 0,06 0,0187
12 0,40 0,6546 0,26 0,3271 0,21 0,2514 0,07 0, 0595
16 0,42 0,8289 0,28 0,4298 0,23 0,3527 0,08 0,0855
20 0,43 | 0,9907 | 0,30 | 0,5286 | 0,24 | 04135 | 0,08 | 0.1126
25 0,44 1,1905 0,31 0,6545 0,26 0,5162 0,09 0, 1496
30 0,45 1,3557 0,32 0,7616 0,27 0,6043 0,09 0,1827
36 0,46 1,5779 0,33 0,9097 0,29 0,7266 0,10 0,2310
40 0,46 | 1,7032 | 0,34 | 0,9944 | 0,29 | 0,7973 | 0,10 | 0,2600
90 0,49 | 31042 | 0,39 | 2,0061 | 0,35 | 1.6568 | 0413 | 0,6502

The absorption coefficients per unit volume of precipitations
Yp of different intensities were computed from formula (1) at a
temperature of 10° C and are shown on Table 2. Moreover, in the
same table, for each wave length, is shown the value of the
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probability of survival of the photon per umnit volume of precipita-
tiomns .
Is

S—

s 1’

where yYg is the scattering coefficient, v is the attenuation factor.
The least probability of survival is at A = 3.2 cm, the greatest
at A = 0.8 cmy; generally the value of AS does not exceed 0.50.

3. Polydisperse Characteristic Curves.

The polydisperse characteristic curves of scattering F(B) were
computed for distribution (12) according to formula (10) for the
intensities of precipitation and wave lengths shown on Table 3.
Figure 3 shows the characteristic curves of scattering for wave
lengths 0.8 and 3.2 cm and for two intensities of precipitation (6
and 32 mm/hr). The values of the characteristic curves of scat-
tering for the individual drops of water at various temperatures
are given in [3].

a R o
90 60
740°
20°
] (-] -] o
80— 73 . .24 % 7% ~ grar ?
oy P 60 o d o 60°
740 740 g0
20° 20°
o O O, o
180 — - -1 080 ——
gose greo~ U @138 QU9Ss
Fig. 3. Characteristic Curves of Scattering Per Unit Volume of

Precipitation. a: P = 6 mm/hr, A = 0.8 cm; b: P = 32 mm/hr, X =
0.8 cm; c¢c: P = 6 mm/hr, A = 3.2 cm; d: P = 32 mm/hr, X = 3.2 cm.

From the data in Table 3 it 1is obvious that for A = 0.8 cm
with an increase in intensity of precipitation and consequently with
an increase in the number of large drops the forward scattering is
increased (B = 0°). As far as the wave lengths of 1.35 and 1.6 cm
are concerned the back scattering (B = 180°) predominates for all
intensities of precipitation, but with an increase in intensity
there is a slight tendency to increase the amount of energy scat-
tered forward. At a wave length of X > 2 cm the back scattering
increases with increase in the intensity of precipitation.
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TABLE 3

P F(®
mm/hr; © ' ’

0° | 10° 20° 30° 40° 50° 60° 700 ( 80° ] % | e

5 0,8 01237 01213 01148 01050 00936 0,082 00722 00650 0,060  0,0606 , 0,063
1,35 0,1062 07104 070994  0J09I8  0/0829  0,0740  0J0662  0,0609  0,0588  0,0602 ~ 0,0630

106 0,1067  0/1040  0,1000  0,0925  0,0835  0,0745  0,0667  0,0612  0,0589  0,0601 0,064

3,2 0,124 0,1206 0,115 0,108  0,0066  0,0858  0,0671 - 00613  0,0590  0g0602  0,0647

8 0,8 01256 0,123  0,1163 0,062  0,0945 0,087 0,076  0,0652 ~ 0,0612  0,0607 0,063
1,35 0,152 07103+ 0,008+  0J0908  0,0819  0,0731  0,0656  0,0605  0,0587  0,0604 040635

106 01047  0,1020  0,0080 040905 ' 0,0818  0,0730 00655 0,060+ . 0,0585  0,0602  0,06>4

32 Ol72  0jlls+ 0,101 071022 0,025  0,0823  0,0728 ' 0,0653 < 0,0606  0,0593  0,0616

12 0.8 01280 0,163 01190 01083 0,095 0,083  0,0732 ' 0,065 0,084 0,007  0,0632
1,35 0,149  0,1031  0j0980  0j090+  0,0815  0J0727  0,0653 0,060+ 0,087 00606  0,0658

16 0,036  0,1018  0,0968  0,0894  0,0807  0,0721 040648  0,0600  0,0584 0,060+  0,0658.

32 019 | 031102 01052  0,0976 0,084  0,0789  0,0702  0,0635  0y0598  0,0595  0,0628

20 0.8 0132 Q1313 QI233 01116  0,0083 ° 0,083 00742 00862 00617  0,0607  0,0628
1035 0,105 0,103  0,0981  0;0904  0,0814 00725  0J0652 0,060  0,0388  0,0608 050652

106 0,100  0j1012 0,092  0,0887  0,0800  0,0714  0,0642  0j0597 00584  0,0606  0,0663

%2 0051  0j1035  0j0988 0,097  0,0832 0,074  0j0667  0,0612 00587  0,0597  0,0642

30 0,8 01394 0,133  0,1275  0,1148  0,1005 0,087  0,075]  0,0668  0,0620  0,0607  0,0623
1035 | 0,1058 071039 0,008 0,007 0,086  0,0727  0,0653  0,0805  0.0591 0,061l  0,0664

106 | 071031  0,1013 0,092 0,088 0,079  0,0712 0,041  0,0506  0,0585  0,0608  0,0666

%2 | 0,1001  0j09%5 0,000  0J0872  0,0792 0,071  0J064l  0j0594  0,0578  0,0508  0,0652

% | 08 0,1593 | 0,155  0,1432  0,1264  0,1083  0,0915 = 0,779  0,0683  0,0625 , 0,0601 | 0,0603
1035 | 0,105 | 0,1074 0,017 0,032 ~ 0,083 | 0,0742 | 0/0666  0,0617  0,0601 | 0,0620 | 0,0669

1,6 | 0,050 | 01031 000977  0,0898 , 0,0807 | 00718 | 0,0646 | 0,0602 | 00591 | 0,0615 | 040671

3.2 | 00884 | 0,0869 } 0,0829 / 0,0769 ) 0,0700 ) 0,0633 | 0,081 } 0,053 ) 0,0558 | 070599 | 0,0675




98

L

TABLE 3
F
p . ®)
M ml (.02
mm/hr 110° 1 1200 130° ‘ 140° l 150° ‘ 160° l 170° ‘ 180°
| | | | |

5 0.8 0,0691 | 0,0766 | 0,0851 0,093 | 0,1014 ' 0,1075 | 0,121 | o,1127 | 0,0001 | 0,0153
1,35 00728 ' 000828 ' 00939  0;1050 , 0,110 ~ 0,1230 | 01281 . 0,128 ' —0,0096 | 0,0154
16 0,0726  0,0826  0,0939 031053 ' 0/1169 001237 | 0,1289 . 0.1301 —0,0095 | 040157
32 0,0719 050808 0,090  0,0994  0.1067  0.1115 ' 0,1132  0.1132  0.0027 | 0,0157

| ! : : : |

8 0.8 0,0688  0,0760  0,0842  0,0924  0,0999  0,1057  0,1105  0,1108 0,000 = 0,0152
1,35 0,0735 0,083  0,0948  0,1058 01158 0,123  0.1286 0,130+ —O0,0105 0,015
1.6 0,0736  0,0839  0,095¢ 0,108  0.1180  0,125¢  0,1305  0.1323 —0.0109 0,0156
L2 0,0671  0,0752  0,0850  0.0953  0,1040  0,1126  0,1176  0.1194 —0,0012 0,0157

I v ‘ .

12 0,8 0,0682  0,0750  0,0827 00904 00974 0,100  0,1080  0,1077  0,0025 0,0152
1235 0,073 050840  0,0951 0,106  0,1159  0,1236  0,1285 01303 —0,0106 00152
126 0,0742 0,087  0,0062  0,1076  0,118¢ 001263  0,1311 01320 —0,0117 0,0155
302 0,0603  0,0783  0,0889  0,0998  0.1099 051180  0,i233  0]1951 ' —0,0049 0,0157

20 0,8 0,072  0,0733 ' 0,0803 ' 0,0874 0,093  0,0080 0,104  0,1033 0,004  0,0153
1,35 0,0742  0,0842  0,095] 0,105  ©0.1154  0,1229  0,1277  0.1294 —0.0106 0.0150
L6 0,0748  0,0853 0,097  0,1080  0.118¢  0.1967  0,1310  0,1327 —0,0122 0.0153
32 050719 0,0821  0,0937 031054 0,161  0,1247  0,1303  0)1322 —0,0007 0,0157

30 0,8 0,062  0,0717  0,0781  0,0846 0,005  0,0952  0,1011 00993  0,0072 0,0154
1,35 0J07H  0,0842 000948  0;1053  0.1146  0,I219 0,165  0.1981 —0,0102 00148
1’6 0,0751  0,0855  0,0968  0.1078  0,1179  0,1267  0,1303  0.1320 —0,0122 0.0152
32 0,0730  0,0849  0,0971  0,1095  0,1207  0.1296  0,1354  0.1374 —0.0132  0,0157

90 0,0625  0,0661  0,0706  0,075¢  0,0799  0,0835  0,0908  0,0868  0,0148 0,016l

0,8

135~ 0,0742  0,0832  0,0928  0,1022  0,1105  0.1170  O,1211  0,1225 —0,0080 0.0143
1.6 0.0753  0,0851  0,0957  0,1060  0J1151 071265  0J1267  0,1282 —0,0111  0,0148
32 050782 0,0010  0.1049 - 0,186 041309  0,1406  0,1468 0,189 —0,0211  0,0157



As the computations showed, the characteristic curves of
scattering of a polydiverse volume can be represented, with an
error that does not exceed 10%, in the form of a segment of a
series of Legendre polynomials with three terms of expansion:

F (B) = [co+ 3¢,P; (cos B) + 5¢,P, (cos B)], (13)

and cg = 1.

Table 3 gives the values of the coefficients of this expansion

wy = c1 wo= 2 . The coefficient w1 with change in the intensity
2w 27
of precipitation varies more strongly than does wy. This is quite

clear from the data in Table 3.

For a rough estimation of the angular distribution of the
scattered radiation we can use the ratio of the integral scattering
to the leading (with respect to the direction of propagation of
the radiation) hemisphere

C%Nlﬂ

I''=2x) F (p)sinpdp (14)
and to the trailing hemisphere
O,=2x | F(8)sinBdp. (15)

2

If we substitute (13) into (14) and (15) we find the following
values for Tj; and Ts:

P,=n['~;§+1.5wl], (16)

— Co
I‘z—w[ﬁ — .50)1}. (17)

If we know Ty and Ty we can find the coefficient of asymmetry
of scattering

BT
Ty wp — Lowy ’
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where wp = o,
2m

The values of q for the different wave lengths and intensities
of precipitation are shown on Table 4. From the values of q it is
clear that for a wave length of 0.8 cm the scattering to the
leading hemisphere is greater than to the trailing hemisphere and
is increased in proportion to the increase in intensity of pre-
cipitation. When A is equal to 1.35, 1.6 and 3.2 cm, the scattering
to the trailing hemisphere is greater than to the leading hemisphere.

TABLE L.
P q
mm/hr A==0,8 cM | A=1,35 cM| h=1,6 cm | A= 3,2 cm
3 1,04 0,86 0,87 1,08
5 1,00 0,84 0,84 0,92
8 1,04 0,83 0,82 0,92
10 1,04 0,82 0,81 0,92
15 1,08 0282 0580 0,89
20 1,08 0,82 0,80 0,85
25 1,12 0,82 0,80 0,79
30 1,17 0,83 0,80 i 0,75
Of great interest is the explanation of the effect of the /82

width of the spectrum of the distribution of particles by size on
the characteristic curves of scattering and the value of the co-
efficient of asymmetry g in precipitations of different intensity.
For this purpose we computed the characteristic curves of scattering
for which, as the distribution function N(a), we used the gamma-

distribution

N (a) o Aaae-—oa'

The values of o were assumed equal to 1, 2, 3. The computations
were made for intensities of precipitation from 0.25 to 100 mm/hr.

The values of the coefficient of asymmetry of scattering for
several intensities of precipitation are shown on Table 5. The
relative width of the spectrum Ae is related to o by the simple

formula [4]

248

Ae = =—,
3 e

Thus, for the cases being studied it was equal to 2.48, 1.76 and
1.u43.
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TABLE 5

{H A==0,8 cm A=1,35 cm A=1,6 cm A=23,2 cM

E - -

& a=1|la=2|7=3lea=1{a=2|2=3la=1{a=2|1=3|a=1}|2=2]a=3
a.

3 | 1,00 | 1,04 (1,05]0,831(0,82]|0,80 0,82 0,79 | 077 | 1,061 0,96 | 0,87

5 | 1704 | 1510 | 1721 | 0782 | 0380 | 0,82 | 0380 | 0,79 | 0577 | 0796 | 0387 | 0,79

8 | 1708 1,19 | 1332 | 0282 | 0,82 | 0,83 | 0579 | 0,79 | 0,79 | 0,92 | 0,79 | 0,72
10 | 1010 | 1024 | 1337 | 082 | 0382 | 0,84 | 0579 | 0,79 | 0,80 | 0,84 | 0,76 | 0,68
16 | 1019 | 1232 | 1,54 | 0782 | 0784 | 0387 | 0479 | 0,80 | 0,82 | 0,77 | 0,69 | 0,64
20 | 1521|1537 | 1765 | 0789 | 0784 | 0389 | 0,80 | 0,80 | 0,83 | 0,75 | 0,67 | 0,62
25 | 1095 | 1846 | 1272 | 0798 | 0386 | 0291 | 0380 | 082 | 0,83 | 0,72 | 0466 | 0,61
36 | 1234 | 1058 | 1391 | 0385 | 0,89 | 0594 | — | - | — | 0,68 0,62 | 0,58
50 | 1541 | 1369 | 2006 | 0384 | 0092 [ 0,97 | — | — | — | 0465 | 0,61 | 0,57
90 | 1058 | 1395 | 2042 | 0391 [ 0796 | 0396 | — | — | - | 0,62 | 0,58 | 0,55

From analysis of the characteristic curves and the coefficients
of asymmetry we can make the following conclusions.

When ) = 0.8 cm the scattering to the leading hemisphere is
greater than to the trailing hemisphere; with a decrease in the
width of the spectrum 1t i1s increased. The respective values of
the coefficients of asymmetry for the gamma-distribution are
greater than for the Marshal-Palmer distribution. The scattering
of the energy of wave lengths 1.35 and 1.6 cm to the leading
hemisphere increases with decrease in the width of the spectrum
of the particles. For precipitations of average intensity, scat-
tering to the trailing hemisphere is the predominant one. Especially
interesting is the distribution of scattered energy from the 3.2
cm wave length. Here the back scattering 1s increased, with in-
crease in the intensity of precipitations and with a decrease in
the width of the spectrum of the particles, much more rapidly than
it is decreased for wave lengths 1.35 and 1.6 cm.
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TRANSFER OF MICROWAVE RADIATION IN CLOUDS AND PRECIPITATION
B.A. Volchok and M.M. Chernyak

ABSTRACT: A precise calculation has been made
of the transfer of microwave radiation in a
plane layer of clouds and precipitation. The
brightness of the emitted radiation is examined
as a function of the optical thickness of the
layer, the probability of photon survival, the
characteristic curves of scattering and of the
reflecting -properties of the underlying surface.
The error which occurs with various simplified
approaches is evaluated.

1. Formulation of the Problem and Method of Solving It.

Let us look at a plane parallel layer with an optical thick-
ness 1, (Fig. 1). No radiation is externally incident on the up-
per boundary of the layer (Tt = 0), but radiation with an intensity
of I_ (u, ¢) is incident on the lower boundary (1 = 145); the re-
flection coefficient of the underlying surface is equal to R.

To determine the intensity of radiation I (T,u,¢) on the
optical depth 1 in the direction determined by the angles ¢ =
arccos p and ¢, let us use the transfer equation in the following

form [11]:

1

2%
p L) (e, @)= [de [Fr, 0 1(s py @) dp’ +S (5 1o @)
* 0 =1 (1)

Where T is the optical thickness, ¢ is the azimuth, ¢ = arccos u
is the angle between the direction of the beam and the normal to
the layer, I(t,u,¢) is the intensity of the radiation

'l:p.P,’ —|—— 1/f1 — IJ-2V1 — *1-(2 CcOS (CP, - CP),

S(t,u,¢) is a function of the natural radiation from the
layer, F (% , 1) is the characteristic curve of scattering.

The boundary conditions according to the above, assume the
following form:

1(0, p, $)=0 whenp>0,

2% 1

I(xgr 0 =1 &)+ [ do’ [RMI (= W', ¢)dp’ when p <0, )
0 0
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where R( k) is the reflection coefficient of the underlying surface.

We will assume that the characteristic curves of scattering
F( k ,1) are independent of the optical thickness and, just as the
reflection coefficient, can be represented in the form of an expan-
sion of Legendre polynomials:

F)=oge 3 25— o.P. (), (3)

y=

R0=o= 02‘;‘ rP, (%), )

=

~
w
=

where X = Kr is the probability of photon survival, Ky, 1s the

K
att
coefficient of scattering per unit volume, Kyt is the attenuation

factor.

In [4] it was shown that for centimeter radiation, the char-
acteristic curves of scattering can be represented by three terms
of expansion by Legengre polynomials. There also are shown the
values of w, for precipitations of different intensity.

If we assume that the functions I., S may be represented by
a trigonometric series of the type

5 Calw) + 2 Cm(w)cos e,

m=1

we will seek the function I(Tt,u,¢) in the form of a series

=<3

. 1 -~
I(x, 85 9) == Lo, py+ 2 1, (5, p) cos me. (5)
m=1
1'0
-
)
=0
—_ T T == ':'_"to
Fig. 1, Schematic of the Reflection of Beams from a Plane

Parallel Layer.

91



Then for each function I (t,u) we will have the following boundary
problem:

1
p ) 1, (e 0= [ Ll ) Fa() e 4 S0 0) (6)

with the boundary conditions

1,0, )=0 when >0,

1
In(co, 1) =T n () § Ru() 1 (5 0}t when b <0 (7)
0

Solution to equation (6) with the boundary conditions (7) can be
found by the finite-difference method described in reference [2].

Computations were made on an M-20 computer for the various
values of F( k) and A, borrowed from [3], in which case the wvalue
of A varied from 0.1 to 0.5, The optical thickness 1 varied from
0.5 to 3. Since, for wave lengths less than 10 cm, the reflection
from the majority of ground underlying surfaces has a diffuse
character, the computations were made with a diffuse coefficient of
reflection, whose value varied from 0 to 1. Since, in the centi-
meter band, the Planck function of radiation has a rather simple

form:

2kT
B = 2
)‘0

where k is the Botlzmann constant, T is the temperature in degrees /85
Kelvin, Ay is the wave length, then in equation (1) it is easy to T
convert from values of the intensity of radiation to the bright-

ness temperature. In the tables given below the brightness tem-
peratures are given in degrees Kelvin, and I¥ and I are the

brightness temperatures respectively of the katabatic and the

anabatic radiations. T  and T, denote the temperatures of the
underlying surface and the atmosphere.

2. Analysis of the Computational Results.

The results of calculations for an absolutely black under-
lying surface, bounding the layer from below, are given in the
Appendix (Table 1). Table 2 of the Appendix gives the values of
the brightness temperatures only for the anabatic radiation. B
w1, wyp we denote the coefficients of expansion of the characteris-
tic curves in a series for the Legendre polynomials. The character-
istic curves of scattering which correspond to them are shown in
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Table 3 of the Appendix and are illustrated in Figure 2. The
spherical characteristic curves of scattering correspond to the
values w, = 0, wy, = 0. Figure 3 illustrates the brightness tempera-
ture as a function of the angle v, when R = 0. The same values of
the numbers refer to the anabatic and the katabatic radiations

which corresponds to 1it.

. 100° .
a 100 60° b 60
1408
140
20° 20°
o . . . ') ° . \: ) 00
180" 4 1043 c o750 180" passz Q1108
Fig. 2. Character istic Curves of Scattering per Unit Volume of

Precipitation. a: iy = 0.9 cm, P = 23 mm/hr; b: Ap = 3 cm,
P = 35 mm/hr.

As is obvious from the tables, the angular structure of the
field of the brightness temperature when A = 0.4 and A = 0.1 with
large values of 1 is expressed more weakly than with small optical
thicknesses. The increase in brightness temperature in the kata-
batic radiation with increase in the angle of incidence basically
occurs due to the increase in the natural radiation from the atmos-
phere. In the anabatic radiation the decrease in brightness temp-
erature with an increase in the angle 9 is due to the increase in
absorption and scattering of the transmitted radiation.

Comparison of the fields of the brightness temperatures, com-
puted for the various characteristic curves, shows that these dif-
ferences are insignificant. The brightness temperatures for the
anabatic radiation when tg = 3 and Tg = 0.5 differ less than by 3° K.
For large angles the values of the brightness temperatures coin-
cide. The brightness temperatures differ slightly also which cor-
respond to the spherical and the nonspherical characteristic curves
of scattering. The difference in temperatures does not exceed 2%
both when X = 0.4 and when A = 0.1 for all values of the examined
optical thicknesses. This is explained by the fact that with
large values of A the frequency of scattering is high and conse-
quently the form of the characteristic curves of scattering has no
substantial influence on the angular structure of the field of the
brightness temperature. With a decrease in the value of X the
contribution of the scattered radiation is also decreased. The
basic role is begun to be played by the absorption and the natural
radiation from the atmosphere, which, being satisfied by the iso-
tropic radiation from the underlying surface, also leads to a weak
manifestitation of the angular structure of the field of the radia- /86
tion. This is especially well seen from the Tables of Brightness
Temperatures when A = 0.1, where most strongly expressed is the
decrease in the difference 1in the temperatures for the small and
large angles. For the anabatic radiation when 13 = 3, it does not
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not exceed 7° K, and when 1o = 0.5 it does not exceed 20° K. Ap-
parently the role of the characteristic curves of scattering will
be high where A> 0.1, the simple scattering will be predominant and
the underlying surface is a mirror surface.

VAR B
a 300}
g -======:::::
7
%7 \2
3
200 4
\5
100} s
—t 1 ] ] 1 1 1 I I T 1 A l._ % 1 __L_1
b 300
)
———— §
7 7
2
J
4
200
5
6
i 1 1 3 J N S RENN N DDV (Y D i3 1 i _ 1|
-80 -60 -~40 ~20 8¢ 69 40 20 0°

Fig. 3. Brightness Temperature of the Anabatic and Katabatic

Radiation as a Function of the Angle of Sighting when R = 0, TO =
291° K, T _ = 275° K, a: w1 = -0.0426, wo = 0.1040, AS = 0.b4.

b: wy = -0.0961, wy = 0.1012, Ag = C.1. 1. T = 3; 2. T = 2.5
3. 1T = 23 b, 17 = 1.5; 5. 1t = 1, 6. T = 0.5.

With an increase in A and the temperature constant of the at-
mosphere and the underlying surface, the brightness temperature of
the anabatic radiation is decreased; +the difference in temperatures
is smaller as the optical thickness is smaller. Thus, for example,
with an increase in A from 0.1 to 0.5 for ¥ = -17°40' the bright-
ness temperatures differ by 11.4% (TO = 3) and by 6.2% (15 = 0.5)
and for ¢ = -87°20' the brightness temperatures differ by 17.5%

(tp = 8) and by 11.7% (ty = 0.5). With an increase in the tempera-
ture of the underlying surface by 160°K and a variable temperature
of the atmosphere, the increase in the brightness temperature of
the anabatic radiation is small. When 1ty = 0.5 this increase
amounts to 3.5% (¥ = -17°40') and when T, = 3 it is lacking. For
the katabatic radiation the increase in brightness temperature
comprises tens of degrees.
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The numerical values of the brightness temperatures in the /87
presence from below of a diffuse reflecting surface are shown on
Table 4 of the Appendix and are illustrated on Figure 4, where
along the ordinate axis is plotted the ratio of the brightness
temperature to the temperature of the atmosphere. The computations
were made for spherical characteristic curves of scattering, for
the temperature of the underlying surface for the values of A and
R equal to 291° K.

-1 Fig. &4, Brightness Temperature
AR of the Anabatic and Katabatic
10t Radiation as a Function of the

Angle of Sighting for a Diffusely
Reflecting Underlying Surface
when Tg = 275° K, Ag = 0.k,
A Tg = 0.5. 1. Ry = 03 2.

Rop = 0.23 3. Ry = 0.bj
4., Ry = 0.6; 0 =
6. Rg = 1.

o1t P ST Y T S vl W
-40 =20 80 80 40 20 0°

1 1

§ 1
-80 -60

Since, with increase in the reflection coefficient, the natur-
al radiation from the underlying surface is decreased, then it is
obvious that with an increase in R the brightness temperatures
which correspond to the anabatic and katabatic radiation, must be
decreased and the smaller the optical thickness of the layer the
more strongly expressed will be the change in the brightness temp-

erature. When A = 0.1 the change in R from 0 to 1 produces a
decrease in I~ for v = -17°40' by 0.33% (15 = 3) and by 37.6%

(tg = 0.5). For v = -87°40' and 19 = 3 the differences in the
brightness temperatures are lacking, and when Tty = 0.5 it becomes
less than 1%. With an increase in X the difference in the bright-
ness temperatures is increased. Thus, when XA = 0.4 for v = -17°40"

the brightness temperatures differ from the respective values when
A = 0.1 by 0.6% (To = 38) and by 50.6% (15 = 0.5). Thus, we can
virtually ignore the effect from the bottom with diffuse reflection
for the optical thicknesses 15 > 3 and 0.1 <A< 0.4 on the value of

the brightness temperature. When 1,< 3 the effect of the underly-
ing surface must be taken into account. This is seen especially
well for T, = 0.5 and X = 0.4. Even when R = 0.8 - 1.0 the usual
character of the dependence of I~ on varies. As is obvious

from Figure 4, when 0.8 < R < 1,0 the brightness temperature in-
creases along with the increase in . This can be explained

in the following way. Since R is high, the basic contribution to

radiation incident on the lower boundary of the layer is carried
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by the intensity of the katabatic radiation reflected by the sur-
face, and this latter is small for small angles of incidence and

is increased in proportion to the increase in angular distance.

But since the scattering in the medium is high, the illumination

of the reflecting surface is then found to have an insignificant
influence on the anabatic current of radiation. The natural radia-
tion from the atmosphere begins to predominate and it grows with
increase in the angular distance from the normal, which produces

an increase in I™.

Now let us look at the problem of the contribution of the
scattered radiation to the intensity of the anabatic and katabatic
radiation. Table 5 of the Appendix gives the values of the bright-
ness temperatures in degrees Kelvin without taking into account
the scattered radiation when A = 0.1 and A = 0.4 and an absolutely
black underlying surface. In this case the transfer equation has
the following solution:

Im =17 (1 =) S (1 — 7%,

IV (1 =08 (1 - e,

Comparison of the data from Table 5 with the data from Tables
1 and 2 shows that the brightness temperatures when A = 0.4 and
d 17°40' differ by u8% (19 = 3) and by 12.5% (19 = 0.5), but
when ¢ = -87°20' it is by 32% (19 = 3) and by 35% (15 = 0.5).
When A = 0.1 and & = -17°40' the brightness temperatures differ
by 8.7% (19 = 3) and by 4% (19 = 0.5). Therefore, when 13 < 0.5
and A < 0.1, we are justified in ignoring the multiple scattering,
but when A> 0.1 and 1,>0.5 it must be taken into account. Since
in precipitations the mean intensity for wave lenghts less than
3.2 em, A2 0.2 and an optical thickness of 135 > 1, it is necessary
to take into account the multiple scattering. In [4] are given
data about A for precipitations of various intensity and for wave
lengths of the microwave band.

The basic conclusions which can be made from the above are the
following.

1. With large optica&l thicknesses the angular structure of
the field in the katabatic radiation 1s expressed more strongly
than in the anabatic.

2. The increase in the probability of photon survival A leads
to an increase in the brightness temperature of the anabatic radia-
tion. The effect of A 1s greater as the optical thickness becomes
larger. For the katabatic radiation a decrease in brightness tem-
perature is observed with optical thickness greater than 1.5 and
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4 < 76°, For angles greater than 76°, and Tg = 1.5 with an in-
crease in A the brightness temperature is increased.

3. The extent of the characteristic curves of scattering and
their deviation from the spherical has substantial influence on the
angular structure of the field of radiation of microradio waves.
The effect of the form of the characteristic curves is smaller as
the optical thickness 13 is greater.

L, For an optical thickness of 1759 2 3 and 0.1 <A< 0.4 the in-
fluence of the diffusely reflecting underslying surface on the value
of the brightness temperature is very small. With small optical

thicknesses the effect of the reflecting properties of the underly-
ing surface becomes significant.

5, We are justified in ignoring the contribution of scatter-
ing to the intensity of radiation when 143 < 0.5 and X< 0.1, The
error here does not exceed U%. When A> 0.1 and t> 0.5 the contri-

bution of the scattering must be taken into account.

The computations, the results of which are given in the present
article, were made on an M-20 computer by A.I. Kostinaya using a
program written by L.P. Bass under the direction of T.A. Germogenova.
We would like to express our appreciation to the above colleagues
and to Prof., K.S. Shifrin for assistance and constant interest in
the research.
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Table 1
=3 v=2,5 =2 =15 ) =1 =0,5
¥ | Comment
t=0]| =3 t=01t=2,5] t=0| 1=2 t=0|t=1,5] 'L'=0’ =1 =0 |t=0,5
t
! 1 ‘ i
17040/ 0 263,3 0 254,6 0 240,1 0 215,9 0 | 175,7 0 109,1 ! T¢=291°K
. 39 40 0 269,7 0 264,1 0 253,6 0 233.9 0 . 196 9 0 1279 ' Tc— 275° K
I 60 0 . 274,8 0 273,2 0 269,4 0 29,7 ' 0 234, 6 0 - 1695 A=0,1
76 40 0 275,7 0 275,5 0 275,0 0 2738 0 269 0 0 238,8 o =0,028
87 20 0 275,0 0 273,8 0 270,6 0 262,2 0 2393 0 175,9 wy =0,079
—17 40 271,56 291,0 272,0 291,0 272,8 I 201,0  274,2 ' 291,0 276,7  291,0 " 281 S 291,0
—39 40 270, A 291, 02707 291.0  271,3 291,0  272,5 291,0 274, 8 291.0 27906 291.0
I~ —60 268 6 20150 2686 291,0 268,9 291.0 269, K 201° L0 27 0 2010  275,6  291.0
—76 40 266 0 291,0 266.0  291,0 - 266,0 291, 0 26651 291 0 26604 291°0  9268.5  291.0
—87 20 268 3 201,0 268,4 291,0 268.6 291.0 269, § 291,0 27005 291 0 2750 291, W0
17 40 0 263 3 0 254,7 0 240 4 0 216,5 0 176,5 0 100,0 Tg=291°K
39 40 0 269,7 0 264,3 0 25319 0 234, ) 0 197, .8 0 128.8 70=275° K
I+ 60 0 274,9 0 273,5 0 269 8 0 260,3 0 235, 6 0 170, '6 A=0,1
76 40 0 275,9 0 275,7 0 275 3 0 274, '3 0 269.8 0 r740 0 =-10,09
87 20 0 276,1 0 276,0 0 275,3 0 275.2 U 2741 0 271, K wy ==0,101
—17 40 270,5 291,0 271,0 291,0 271,8 291,0 273,3 291,0 275,9 291,0 280,7 291 .0 ‘
—39 40 269.8  291.0 270,1 291 0 270,7 291 0 971,9 201.0 274,2  291, .0 279 1 201%0
i~ —60 268,5 291 0 268.6 29150  9268.7  291.0 . 269,4 2910 271,0 291.0 275,5 291 0
—76 40 266, 520100 266.6 291.0  266.6 291.0  266,6 291,0 . 267 0 21,0 269 0 291.0
—87 20 263.4  291.0 263,41 291 0 %3, W4 29130 263.4 291,0 263 5 291.0 263.7 291.0
17 40 0 263,2 0 2546 0 240,2 0 216,2 0o 176,2. 0 109,6 5—291" K
39 40 0 269,6 0 264,1 0 253, 7 0 234,2 0 197.4° 0 129,4 Tc=275°K
T 60 0 274,8 0 273,3 0 269.6 0 260, 0 0 230 1 0 170,1 A=0,1
76 40 0 275,8 0 275,6 0 275.2 0 274, 0 0 269y 4 0 239,5 . o1 =0
87 20 0 . 279,1 0 275,9 0 275 6 0 275 0 0 273,9 l 0 271,1 l wy=10
~
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291.0
291.0
29170

240,0
2534'

269, )

74,7
2749

275,0 -

275, 0
270,0
275,0
275 0

231,3

2457
2636
272.2
274,5

291,0
2910
20150
29150
201,0

230,9

215, 4
263.5
279°1
2744

274 4 l

9727
270.0
266, 8
26304

CoOooO

270,9
270 3
269, ‘0
266 7
263,3

OCoCOoCoCO

56,7

252,9
25" o2
234+ )
220, 8

[=R R Ko

291,0
29150
29170
29170
29170

216,0
233, 9
259 6
273 5
274, 3

275,0
975,0
275,0
975.0
275,0

204,35
29978
250,1
267,7

271,6

291,0
291 0
291, Yo
991 0
291 0

2040

2024
249, 8
267.6
27105

|

2768
275.0
27155
2671
263.5

ocoocoo

271,1
27004
269, 1
26,7
26353

oCooo0O

260,9
256 9
‘)-.LS 4
23506
231.3

SO0 OO

291,0

2910
29170
2910
291.0

175,9

197.1
234'8
268.9

973.2

275,0
275.0
275.0
975.0
275.0

162.5
183.1
2904

-2571

266 0

2910

9910‘

291 0
291, ‘0
291, 0

161,9 !
© 1827

29011
956.9
266.,0

281 44
79,6
276,0
69,2
263.7

OO0

71,8
271,2
269,8
267,1
263 .4

cCOoOoOoo

269,8
266, 1
257,5
240 8

‘7279‘

[=J >R o]

291,0
291.0
291.0
291,0

291,0

' 100,4

128,2
169.8
239,1

270,4 '

2750

275, 0
275 0
275 0
275.0

97,5
11438
1534
2188
254,2

291,0
29150 .
2910 |

291 0
291 0

97,1
14,4
153.0
235.5
254.0

Tg==275°K
T.=275°K
h=0,l
o;=0
wy =0
=291° K
T.=275°K
A=0,4
w; =0,028
wy ==0,079
Ts=291°K
Tc =275° K
A=0,4
‘1)‘=0.048
wy =0,081



00T

I-

I+

It

=

|
Tg=23 =2,5 =2 =1, =1 ' =0,5 E
! I ! | | Comment
=0 | 1=3 ! 1=0 7=25 =0 | 1=2 =1=0 |1=15 =0 | t=1 =0 t=0,5
— T |
—17°40" 253,1 ° 2010 253,9  291,0 2551 . 291,0 ' 257,9 291,0  9261,5 ‘ 21,0 © 2703 2910 I
—39 40 250, 2 29130 250,7  291,0  251.6 291° 0 953 5 . 291,0 257,4 2910 266,5 201 0
—60 244 2 291 0 244 4 291 0 244 9 291, ‘0 . ')46 0 . 291,0 9248' 9 291,0 257, B 291, 0
—76 40 234 2 291 0 ‘734 4 291 0 234, ' 291 0 234 8  201,0 235 9 291,0 24101 201" K
—87 20 2‘70 5 291 0 290.6 29120 QQO 7 291 0 220.9 291,0 221 5 291,0 223 0 291 0
17°40' 0 259,5 0 249, 1 0 2324 0 205,9 v 164,1- 0 99,1 Tg=291°K
39 40 0 266,9 0 259,6 0 246,7 0 224 1 0 1847 0 116,3 Te=275"K
60 0 273 6 0 270,6 0 264" K 0 251 1 0 . 221,8 0 154,7 h=0,}
76 40 0 275 9 0 2747 0 272, '6 0 26823 0 - 258,0 0 219,8 o) =0,0-L.3
87 20 0 277. 0 276, 2 0 274 7 0 271 _9 0 266 .5 0 254,9 oy =0,104
—17°40’ 250,0  291,0  250,7 291,60 251,9  291,0 2542 2910 2586 291,0 268,0 2910
—39 40 247 4 291, °0 ‘747 9 ‘791 0 2488 291,0 250,7 291 0 254 .8 291 0 264,4 2910
—60 242 2 291 0 2424 291 0 2428 291 0 243.9 291 0 246 8 291 0 256 1 2910
—76 40 233 2 291 0 233 1 291,0 . 933 2 291, 20 23356 291 ,0 234 6 291, 20 239 9 991 0
—87 20 22000 ?91,0 220 0 291 0 220 1 291 0 220,4 291,0 2‘20.9 291 0 222'5 291 0
17 40 0 259,5 0 2491 0 232 .4 0 205,8 0 163,9 0 98,6 Tg=291° K
39 40 ) ’66 7 0 259 3 0 246 4 0 223, Vi 0 184, ‘1 0 115,7 T.=275°K
€0 G ’73 3 0 27002 0 263 6 0 250 4 0 290° K] 0 153,8 =0,4
76 40 0 275,7 0 274.4 0 272 b7 0 ‘267.5 0 256 8 0 218,6 0 =0
87 20 U 276. 0 276, 0 0 274% 3 0 271,5 0 265 5 0 253,5 g =0
—17 40 252,65 291,0  253,2  291,0 9543  291,0 256,65  291,0 2607 2910 269,5 2910
-39 40 249 2 291, 0 497 O 291,0  250,6 291,0 252.4  29] O 256, ¢ 291,0  265,6 291 0
—60 24229 291° 0 24331 291,0  243)5 291,0 2448 29120 247, 0 9201 L 25,8 291 0
—76 40 233 0 29140 733 1 291,0 233,2 291,0 233,6 - 291 0 234,7 2910  240,0 291 0
—87 20 2197 ] 291,40 220.1 201,0  220,1 291,0 220,4 291.0 220,9 291 0 222,6 291 0

~



It

-

I-

-

T0T

17 40
39 40

76 40
87 20

—17 40
—39 40
—60

—76 40
—87 20

17 40
39 40

76 40
87 20

—17 40
—39 40
—60

—76 40
—87 20

17 40
39 40

76 40
87 20

—17 40
—39 40
—60

—76 40
—87 20

182.8

1803
178,1

177,2

" 176,4

COoOOoCO

173,0
170, 3
167 9
167 0
166, W3

oo O

183,5

© 18026

179,1
177.2
17674

275,0

275 0
275, 0

275, W0

167 ,4

1725

176,0

177 0.
177, 0

291,0
291, 0
291 0
291 0
291 0

OCOOOo O

1858

- 161,5

1822:

178, R}
177 2
176" K

cCooOoC

176,3
1724
168,4
167.0
166,3

oooOoQ

" 187,0

182, '8
179 7
177 2
176 4

177, A

275.0

275, 0

2750 '

975 0
275, L0

153,5
169 4
165,2
166,8

167 3

275,0 -

97570
27540
2750

2750

161,4
163, 1
175,2
176,9
177.5

©991,0

291.0
20150
291,0
291,0

‘OOOOO

1908
1858
179,8
177,2
176,4

coooo

181,9
176, o
169 8
167 1

166 3

oo COoO

192,8

187.0
180.1
177,2
176%4

151,4

1737
17311
176.8

: 1774

275,0

275,0
275, 0
275, 0

. 275.0

144.9
153 3

.1631

166,7

167.3

275,0
275,0
275, 0
275% ,0
273,

v 1513

1626 :

173 0
176, R

'1774

291,0

29120
29120
201.0
291,0

ODOOCOO

199,2
1926
1929
1774
1764

ocCoCocOoO

191,2
1839

173,3

167.3

166 3

SCOoOCOoOO

202,0
194,9
183,8
177,5
179, '

.

[=Yalelalo)

213,3
205 4
1917 R3]
178 6

176.5

COoOCOCCOoO

206,7

106,3
12740
151,9
174.3

1772

27540
2750
275,0
275.0

9275, Ky

106,5
119,7 -
14332

" 164,3

1980‘

182 7
168 6

. 166, 4

CoOoOoOD

219,0
209.9
193,7

. 1788

179,5

1672

27540

75,0
975.0
2750
275.0

106,2
127, ‘0
151% o3
174 3
177,3

21,0

291,0
291 0

‘2910

291, 0

OO0 0CO

236,6
230, o7
214 2
188 5

1766 .

cCooCoQO

232,5

2948
207:8
1795
166,0

cCOoOoOoC

26,2

238,1
220, ’9
190, o3

176,7

59.0
8229
110.6
15626
177.0

275,0 -

275, ‘0

275,0 ;
275,0
27;) 0

66,4 °

782

‘ 104 3
. 147 5
166, oJ

275,0 !

275 0
275, 0

275.0 !
275,0

58,9
82,9
1106
156,5

: 1770

291,0

291 0

2910'

291, 0
291 0

Ts=275" K

Te=291° K
=04

w =0 o025
(,3,,__0 019

Tg=275°K

T,=275°K
1.=0,4

0, =0,028

0, =0,079

Ts=291°K

T.=291°K
A=0,4

w; =0,028
0y =0,079

~



Table 2

/9%
$ to=38 [T9=2,5] w=2 |tg=1,5| =1 |19=0,5 Comment'
—17°407| 2715 | 272,0 | 272,8 | 274,2 | 276,7 | 281,3 Tg==291°K
—39 40 | 270,4 | 270,7 | 2713 | 2725 | 274,8 279 6 T,=275°K
I— | —60 268.6 268,6 | 268,9 1 269, 4 271,0 275 6 A=0,1
—76 40 | 266,0 | 266,0 266 0 | 26651 266, 4 268.5 o ==0,028
—87 20 | 2683 | 268,4 | 268,6 269 1| 270.5 | 275.0 wg = 0,079
—17 40 | 270,5 | 271,0 | 271.8 | 273,83 | 275,9 | 280,7 Tg==291"K
—39 40 | 269,8 | 270,1 270, J| 2719 | 274,2 279 1 Tc =275 K
I— | —60 268,5 | 268,6 | 268 8 269,4 | 271,0 | 275 5 A=0,1
—76 40 | 266 5 266,6 | 266 6 266 6 267,0 | 269 0 @ = -——().096
—87 20 | 263 4 263.4 | 263.4 | 263.4 | 263,5 263,7 wy == 0,101
—17 40 | 271,6 | 272,] 273,0 | 274, 4 | 276,8 | 281.4 Tg==291° K
—39 40 | 270 6 270 9 271 5 272 7 275,0 | 279, ’6 7} =275° K
I~ | —60 269, 0| 269 2 269 3 270 0 271,05 276 0 =01
—76 40 | 266, 7 | 266 7 266, 7 266, 8 267,1 269 2 0] = 0"
—87 20 | 263.3 263.3 | 263.4 263.4 | 263,5 | 263.7 ;=10
—17 40 | 2709 | 270,9 | 270,9 | 270,9 | 271,1 271,8 TS= 275° K
—-39 40 | 270,3 | 270,3 | 270 '3 270,3 | 2704 271 2 =275° K
I~ | —60 269,0 | 269,0 | 269, 0 | 2690 269,1 ‘)69 8 )\ =0,
—76 40 | 266,7 | 266,7 266 7 ] 266,7 | 266,7 267,1 v = 0
—87 20 | 263,3 | 263,3 263" 3| 263, o3 263,3 | 263,4 wg==0
—17 40 | 252,5 | 253,2 | 254,5 | 256,7 | 260,9 | 269,8 Tg=291°K
—39 40 | 249,6 | 250,1 | 251 O 252,9 | 256,9 | 266,1 Tc__.275°}(
I— | —60 243 .7 243 9 | 244 4 245,5 | 248,4 | 2575 A=04
—76 40 | 23379 | 23470 234s1 | 23405 | 235,6 | 240.8 0, = 0,028
—87 20 | 220,4 | 220,4 | 220,5 | 220, ’8 | 221,3 | 222, ’9 wy = 0,079
—17 40 | 250,0 | 250,7 | 251,9 | 254,2 | 258,6 | 268,0 T =291° K
—30 40 | 247,4 | 2479 | 248,8 | 250, 7| 254.8 | 264,4 =275° K
I~ | —60 242,2 | 242,4 | 242 .8 | 243, 9 246,8 | 256, A =04
—76 40 | 233,0 | 233,1 232, 236, 6 23446 | 239,9 0] = 0,043
—87 20 { 220,0 | 220,0 | 220, 2?0,4 220,9 | 222,5 wg=:0,104
—17 40 | 2525 | 253,2 | 2543 | 256,50 | 260,7 | 269,5 Tg=291" K
—39 40 | 249,2 | 249,2 | 2506 | 252,4 256 4 | 265,6 Te=275°K
I~ | —60 242,9 | 243,1 243,5 | 244,8 247‘0 2568 A=0,4
76 40 | 23370 | 23301 | 23372 | 23306 | 234,7 | 256.8 0, =0
—87 20 | 219,9 | 220,2 220 1 220, 0 220,9 | 222,6 g =10
—17 40 | 173,06 | 176,3 | 181,9 191,2 | 206,7 | 2325 Tg=275°K
—39 40 | 170, O 172,4 | 1764 183,9 198,0 | 224,8 T, ~275° K
I~ | —60 167 99 168,4 | 169,8 173,3 182 7 | 207,8 A=04
—76 40 | 167,0 | 167,0 | 1671 167,3 168, 6 179,5 0, =0, 2028
—87 20 | 166.3 | 166,3 166.3 | 166,3 166.4 | 166,6 wy =0, J079
—17 40| 2714 | 271,8 | 272,2 | 272,7 | 272,6 | 268,2 Tg=1291° K
—-39 40 | 270.6 270 8 | 271,1 | 2716 | 271,6 | 267.5 7} =275°K
I~ | —60 269,0 269 1 2692 | 269 6 269,7 | 267 5 r=10,1
—76 40 | 266 7 266 7 | 266,7 | 267 7 266, .8 266, '3 R=0, 9
—87 20 | 2633 263.4 | 263,4 | 263, ! 263,4 263.3 oy =wg=0
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$ g —=3 1% 2,5 t9-=2 |tg—=1,9pm7; =1 |1p==08 Comment
—~17°407| 271,1 | 2711 | 270,8 | 2695 | 263,8 | 241.3 Toq=291° K
39 40 | 2704 | 27004 | 27002 | 269.3 | 264.8 | 2441 Te — 275° K
- | —60 269,0 | 269.0 | 269,0 | 2686 | 266.1 | 250,4 A = 0,4
—76 40 | 26607 | 266.7 | 266.7 | 266%6 | 266.3 | 26054 R—=0.6
—87 20 | 2633 | 263)3 | 26373 | 263.3 | 263.2 | 262,4 0] — wy =0
—17 40 | 252.2 | 252.7 | 253,3 | 254.1 | 254,7 | 253,0 Ta5291° K
—39 40 | 24900 | 2493 | 24928 | 25006 | 25104 | 25007 Te — 275° K
I~ | —60 24208 | 243.0 | 2432 | 24307 | 244%6 | 24503 ) —0,4
—76 40 | 23320 | 233.0 | 23303 | 23303 | 233)7 | 234.5 R=0.2
87 20 | 219,9 | 220,0 | 220,0-| 22001 | 22073 | 220.3 0] = wy =0
—17 40| 251,7 | 251,6 | 251,7 | 248,9 | 241,7 | 217,6 Tg=291° K
—39 40 | 24807 | 24807 | 24873 | 246.7 | 24078 | 21877 TS —9275° K
I~ | —60 24207 | 24207 | 24226 | 241.8 | 238;1 | 2209 § = 0,4
76 40 | 23301 | 23209 | 22208 | 23205 | 239.3 | 2228 R—=0.6
— 8720 | 21909 | 21909 | 219.8 | 220,0 | 21808 | 2I5.4 ) = wy <=0
Table
I i
b F (x)

Ag CM - P _ o
mm/hr i 0° 10° 20° 300 40° 50° 60°
923 0,9 | 0,1176 | 0,1161 | 0,1096 | 0,0974 | 0,0867 | 0.0769 | 0

35 3,0 | 0,1108 | 071097 | 071073 | 0,0965 | 0,0855 | 0.0802 0'8(7582
100 3,0 | 0,099 | 0,059 | 0,0935 | 0,0847 | 0.0754 | 050706 | 0’0634
p ' F (%)
Ao cM - .
mm/hr 700 J 80° 90° ’ 1000 1100 1200 130°
23 0,9 | 0,0638 | 0,0614 | 0,0621 | 0,0650 | 0,0726 | 0,0770 | 0084
35 3,0 | 000625 | 0,0610 | 0J0612 | 0l0645 | 0.0721 0.0818 0:0832
100 3,0 | 0,0579 | 00585 | 0,0611 | 0,0671 | 0,0768 | 0,0884 | 0.1017
P F (%)
)\0 CcM - T " R - o -
mm/hr
/ 140° ) 1500 160° 1700 180° o g
23 0,9 | 0,0891 | 0,0949 | 0,0999 | 0,1031 | 0,1043 | 0,098 | 0.07
35 3,0 | 071027 | 031153 | 0,1239 | 071207 | 01312 0,043 0:(1)02
100 3.0 | 0,1146 } 0,1262 | 0,1350 | 0;1412 | 01429 | —0.096 | 0101
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- Table 4
o .
r
» 'L'O_B 1:0=2‘5 l| "-0=2 \ ‘Co=l'5 ‘I:o=1 10:0.5 i
% ' ' ' Comment
‘ = ’ t=3 | =0 r=2,5| 1=0, =2 "' t=0]t=15} t=0] =1, =0 1:=0,5|
) ' |
V |
|, | i o los ! o | | N
179401 0 ' 259,1 0 . 248,7 0 ' 23L8 0 205,1 . 0 ' 162,8 0 97,2 | Tg=291°K
3940 | 0 - 266,3 0 | 258,8 0 245 8 0 2228 . 0 182,8 0  113,9 ' T, =275°K
I 60 0 272,9 0 2696 + O 263 1 0 246,3 0 219,1 0 151,4 A=0,4
76 40 o . 277,8 0 273,7 . 0 271 1 0 268,0 0 254,6 © 0 215,0 R=0,2
87 20 0 - 276,1 0 275,0 0 273,3 0 269 4 0 262,6 0 248,5 o= wy =0

|

! M i

| 1740 | 2522 | 286,9 ! 2527 286.0 | 953.3 o845 9541 981.6 9547 276.3  253,0 65,3
! 3940 2490 ; 28600  249;3  286.0  249.8 . 284,5  250.1  281.6  951.4  276.3 9507  265.3
|

- | —60 24218 ' 286,90 24300  286.0 24302 28405 24317 28106 24416 276.3  245.3 2653
—76 40  233,0 286,9 23300 286,0 2333 284.5 - 233)3 281.6 2337 276,3 234,5  265,3
—8720  219.9 28659 22000 286.0 ' 220,0 2845 2201 281.6 220,3 276,3  220.3 . 26543
| 1740 | 0 ' 2584 0 77! o 230,7 0 23,4 0 160,4 0 91,0 Tg=291°K
B 39 40 0 265.5 0 957.8 0 2444 0 920.9 0 180, 1 0 110,2 | To—a750 K
e 0 271.8 0 28,4 0 2614 0 24619 0 215.6 0 146:2 | k=04
76 40 0 2737 . 0 2712.0 , O 268.9 0 26350 0 9250.8 0 20703 | R=0.6
1 87 20 0 2143 . 0 272.8 0 270, 2 0 26543 0 256.3 0 937,8 @ =uwp=90
—1740 2517 ' 278,1 2516 275,3 ' 251,0 270,3 248,9 2613 2417 2445 217,6 ' 210,6
| —3940 ' 248]7 278)1 24877 275.3 248.3 270,3 246,7 2613 24008 2445 2187 ' 21006
) ! 24207 27811 © 2420 275.3 2426 270,3  241.8 26113 23801 2H.5 22009 21006
| —7640  233]1 278'1 2329 2753 ; 232,8 270,3 2325 261.3 239;3 25 2228 ° 210,6
—8720  219j9 2781 219,9 275.3  219.8 270,83 220,5 26153 218.8 24,5 215.4  210.6
17 40 0 2580 0 247,2 0 930,0 0 202.5 0 159,1 0 92,3 Tg=21°K
39 40 0 26510 0 957.3 0 243,7 0 . 219,9 0 178.6 0 10802 T, =2T5°K
It 60 0 ' 971.3 0 . 267.7 0 260, 5 0 24547 0 213.7 0 43,6  h=0,4
1 76 40 0 - 2733 0 2778 0+ 267.8 0 9%61.3 0 247.2 0 2032 R=0.8
8720 0 27304 o ! o117 0 268.6 0 263, 1 0 2529 0 9320  w =wy=0
|
|

—17 40 2514 273,3 251,0 2694 2498 9262,7 246,1 250,4 < 2347 227,4 198,7  181,2

248,5  273,3 2483  260.4  247,5 26247 2446 250,4 235.0 227.4 201,6 . 181.2

I~ —60 2427 273.3  249.6  269,4 ' 24202 . 262,7 24007 250.4 234.6 227.4 2078 18172

‘ —7640 2329 273,3  232.1 . 260.4 . 23207 - 262,7 2321 250.4 922939 227.4 217.1 18132
27,4

I
(%)
[{=]
RN
o

[NR NN

—8720  219,9 273,3 ' 219,8 2604 . 21906 262,7 219;3 250,4 218,0 - 212,8 1812

~




SO0T

-

It

-

} 17 40
39 0

76 40
87 20

—17 40
—39 40
—60

—76 40
—87 20

17 40
39 40

76 40
87 20

—17 40
—39 40
—60

—76 40
—8% 20

17 40
39 40

76 40
87 20

—17 40
—39 40
—60

—76 40
—87 20

17 40
39 40

76 40
‘ 87 20

270.9
270,3
269,0
2678
263,3

(X

COoOCOoOO

970,7
270, 2
268.9
266.7
263.3

SCOOOO

SOCOO

971,1
270, 4
2690
26,7
263,3

cCoOoOooO

270,8 °

270,2
269, 0
2667
26303

coooo

270,4
270,0
268,9
266.7
263.3

cCoooO

OO0

270,8
270.2
2690
266.7
263.3

SOoOOoOoO

270,1
269.8
268.8
2667
263.3

ocoocoo

2694
26914
268.7
266.6
263.3

OO0

240,0
253,4
>69 2
274 6
274.9

274,8
274.8
274.8
974.8
274.8

239,9
53,3

‘ 7691

27455
74,7

269,2
269, 2
269,2
‘)69 2
26952

239,8
253,2
268.9
2743
97404

263,6
263.6
263.6
263.6
263.6

299,3
212,9
259,6
66,5
267,0

[}
<D

]
(=2}
~h OCOOOO

D

[

w

¢ ® o @

1O U= O

CcCOoOOOoOO

\. 108,8 \ Ts=291° K
127,4 7.=275"K
168,8 A=0,1
237,5 =0,
268, 1 W] = wg =)

cococoo
o

21,3 224,14
2MIT 2244
25004 2244
%04 224,4

‘202,4 ‘ 224,0

0 108,5 Ts=291 K
0 19791 Te=275"K
0 1684  1=0,1
0 236,8 R=0.8
0

7

2

1

%7,1  w =0y =0
27,6  201,8
23200 20108
21,7 201,8
257.4  201,8

262,0  201.8

0 108, 2 T's=291* K
0 126, ) Te=2753"K
0 167.9  »=0,1
0 2%.1 R=1.0
0 266.1 W) =0y = 0

213,9 178,9

219,8  178:9

2330  178.9

54,3 17819

%1,6 178,9
0 90,6 Tg=21°K
0 106, = T.=275°K
0  140,8 | A=0,4
0
0 | 22,0 | o =wy=0

l 1990 | R=1.0



90T

|
=3 T =2,5 =2 ( =1, =1 =945 ‘
N ‘ Comment
’E=0i =3 1::0‘::2_5l ’C:O‘ =2 ‘ 1=0|=15] 1=0; t=1| <=0 '::0,5]
, | R T
i 1 1 s
—17°407 l 251,1 © 268,2 ‘ 250, 4 [ 263,3 ! 248,5  254,5 © 243,1 | 238,7 ‘ 227.3 ' 209,3  179,0 | 150,6
—39 40 248° O 268,20 247,9  263,3 246 6 254,5 242,4 ' 238,7 ' 228,9 | 209,3  183,7 150,6
I~ —60 ! 242.6 268,2 ' 242,4  263,3 24178 254,5 239‘6 238,7 . 231,0 209,3 = 194,1  150,6
—76 40 | 232,8 | 268,2 2728 263, o3 232,5 254,5 231,7  238,7 . 228,6 i 209, '3 210,0  150,6
—87 20 , 219,8 268,2 219.8 263 3 219,6 254,5 ' 219,1 238,7 2172 ° 209 3 210,0 ‘I 150,6 |
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Table 5
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LOT

}
=3 u=2,5 ‘ =2 w=1,5 =1 'i 9 =0,5 ~
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! t=0| =3 t=0i‘c=2‘5} t=0{ t=2 <t=0|r=1,56| <=0 =1 l‘ =0 1:=0‘,5"
i . .
17°407 0 236,9 0 229 4 0 217,1 0 1963 ' 0 160,9 0 101,0 Ts=291° K
39 40 0 242,6 0 2378 0 229,2 0 212,1 0 1800 0 118,1 Te =275
60 0 2470 . 0 v 245,8 0 243‘0 0 235 1 0 214 1 0 156,4 h==0,1
76 40 0 247,5 0 . 2475 0 ' 247.5 0 247, ‘0 0 244 3 0 2190 o, =0
87 20 0 2475 0 | 247,5 0 247.,5 0 247 5 0 247.5 0 247,5 w0y, =0
‘ ! } . i
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—87 20 165,0 291,0 165,0 291 0 . 155.0 291 0 165,0 . 291 0 X 165 0 291'0 165,0 | 291,0
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INVESTIGATION OF RADIO EMISSION AND ABSORPTION OF A CLOUDY
ATMOSPHERE IN THE MILLIMETER AND CENTIMETER WAVE BANDS

A.Ye. Basharinov and B.G. Kutuza

ABSTRACT: The influence of the temperature
changes in the Debye parameters on the UHF-
spectrum of absorption and radio emission from
clouds is studies. A method of simultaneous
measurements of the absorption of radio emis-
sion from a cloudy atmosphere in the microwave
band is described. Experimental data on the
spectrum of radiobrightness temperatures and

the value of the absorption in stratiform and
cumuloform clouds are cited. According to the
measurement data of the absorptions at waves of
0.41, 0.82 and 1.6 cm of radio emission from

the Sun the value of the relaxation time of a
molcule of water is determined, the value of
which, at a temperature of -10° C, was 2.5-10 !2
sec., According to the results of the spectral
variations in the total absorption and the radio-
brightness temperature of the atmosphere, evalua-
tions were obtained for the integral water con-
tent of the clouds and of the total moisture
content of the atmosphere.

1
The radiocastronomical methods of investigating the atmosphere,/100
developed in references [1-4] relative to a fnee atmosphere, may
also be used for investigating hydrometeors.

The purpose of the present paper is to investigate, by radio-
astronomical methods, the spectrum of the microwave absorptions as
a function of the properties of atmospheric cloud formations.

Let us look at the relationships which characterize the radio
transparency and the emittance of a cloudy atmosphere in the UHF-
band.

The radiocbrightness temperature of the natural radiation from
the atmosphere under conditions of a local thermodynamic equilibrium,
without taking into account the processes of scattering, is deter-
mined in the form [5]

.:a .
Ty = Tyetur, (1)

0
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o0
where Iazsecz%wé

.is the total absorption in the atmosphere in

Iy
the direction of the zenith angle z, i'=secz]uny(/1,d! is the absorp-
1}

tion in the layer of the atmosphere at an altitude of H, (0 - Hp),
T(r') is the absolute temperature as a function f the absorption.

The integral relationship (1) for the brightness temperature
may be represented also in the form

Ty=(lp—2" . ~¢ @ (2)

where AT is the correction for nonisothermicity of the atmosphere
comprising from 5 - 30° K at different wave lengths.

The total absorption in a cloudy atmosphere is comprised of
absorption in oxygen, water vapor and in water drops. The absorp-
tion coefficient in oxygen and water vapor for wave lengths of Xi>
0.2 cm outside the regions of resonance of oxygen has the form [2]

s
Coapd? Cora P 7 f? -

e r
o .‘h.(’ , ( 3 )

_‘f._ l"lh H

== — - e

‘ =
a To/'.l

where o331, @21, Gpp are constants for a given wave, P is the pres- /101
sure, T is the temperature, Py is the absolute humidity.

Absorption in liquid clouds under conditions of Rayleigh scat-
tering may be represented by the following expression

IR
TR 1o,
’:Cl \ /..* i l ;‘

0 ¢

3;jrwdh (%)

where ) 1s the wave length, wp is the water content of the clouds
in g/m3, €o 18 the complex dielectric onstant of the water, & is
the length of the Beam in the cloud.

For an isothermic cloud the absorption is proportional to its
integral water content W (the amount of water in a liquid state,
included in a column of air with a base of 1 m2, the direction of
which coincides with the electrix axis of the antenna). Here

1

W= wed (5)

0
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The frequency dependence of the dielectric constant of water
in the radio band 1s determined by the Debye formula

e, ~-z
s e 0 ™ R

[

(4 - S
RREYS (6)

1 - [ —
E I8

where Ad =

€ 2 . . .
onety—— =, T, is the relaxation time of the molecules

of water, €3 is the dielectric constant of the water at frequencies
1

w<<—, €= is the dielectric constant of the water at frequencies

Trl’

w>>=—=,
Tr
The frequency dependence of the complex dielectric constant
of the water is manifested in the spectral dependence of the absorp-
tion coefficient in the clouds. The dielectric properties of the
water drops were investigated by a number of authors under labora-
tory conditions (see, for example, [6-9]).

According to the data of Kerr [6]1, the values €9 and e, coin-
cide with the results given in [7], and the value AX differs slight-
ly from that given in [7]. The largest discrepancy is found for a
temperature of 40° C. At a temperature of 0 - 10° C the values
differ little among themselves. Table 1 gives the results of both

papers.

TABLE 1.
Temperature,
°C €0 €, Ax [7] cem Ax [6] cm
0 88 5.5 3.34 3.59
10 8h 5.5 2.39 2.24
20 80 5.5 1.80 1.52
30 76 .5 5.5 1.39 1.12
4o 73 5.5 1.12 0.859

Lane and Saxton [9] measured the values of the refractive in- /102
dex of the water at wave lengths of 0.62, 1.24, and 3.21 cm at
temperatures above the melting point of ice and determined the im-
aginary part of the refactive index of water at wave lengths of
0.62 and 1.24 cm at a temperature of -8° C.

These investigations show that the Debye formulas can be used
in the extire millimeter and centimeter band. From Table 1 it is
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clear that the parameters e, and AX depend on temperature. The tem-
perature. The temperature dependence is expressed most strongly on
the parameter AX due to change in the relaxation time of the mole-
cules of water.

At a temperature above the melting point of ice the experimen-
tal values of Ty, taken from [6]1 and [7], may be represented within
5% accuracy by a temperature dependence of the following type:

(7)

(ws )
— a _-]T*—b 19
Ty e 10712 sec,,

where a and b are constants, T is the absolute temperature of water
in degrees Kelvin,

The values of the constants a and b from the results of refer-
ences [6] and [7] are the following: for [6] a = 10.5, b = 0,96
for [7] a = 7.6, b = 0.95.

In the clouds the drops of water are mostly found in a super-
cooled state, i.e., at a temperature below the melting point of
ice. In studying the spectra of the clouds we shall assume that at
temperatures below the melting point of ice the parameter remains
constant, the parameter e« remains constant and the parameter ey
may be found by linear extrapolation of the values when T > 273° Kj
for 1, the relationship in [7] is satisfied with the constants a =
9 and b = 0.95.

The spectrum of absorption in a liquid cloud is determined by

o — 1 . . [ ge— 1\ .
hn<f“,..w . On Figure 1 is plotted hn\ ¢! ) a5 a function of Vo,
Ee ’l“‘ 27 [ JT 2/
whereg/::zn”ﬂ fot 2
7. €oo 1~ 2

Curves 1 and 2 on Figure 1 correspond to values of €p at tem-
peratures of 20 and -10° C. We can see that the difference between
the curves consists only of the fact that they are shifted relative
to y.

— A\

e

With values of y < 2 we find a linear dependence hnk g, on
¢ T
[ ee— -\ - Tel ~ —
y. When 1, = const we have Im{-=- . j~-.-and Tcl = * The condition
r \ ge —= < / /s A2

y > 0.8 cm with a temperature of 20° C and in the wave band x> 2.5
cm with a temperature of -10° C.

With an increase in y in the range of 2 < y < 10 the slope of

the curves 1s decreased. Here the form of the spectrum in the short-
wave band deviates strongly from the quadratic funection.
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The maximum nd\~i- ) occurs when the values of y = 10-14,

8(3‘:'1— 2 ¢ i
. . ! go—.] X . olm {i——r
In the region of the maximum hnk—f~")the derivative e 2 /
2 T oy
r
has a value near zero, which leads to a decrease in the temperature
dependence of the absorption, With a temperature of teog = -10° C
the maximum hn(_?{zg ) is near the wave length A = 0.4 cm; at a
€¢ - )
temperature of t_, = 10° C, it is near the wave length A = 0.2 cm,
(Ee 7]
Im(5)
180" P
V2% :
’ I
00 )
80 - :
6'0:' :
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b
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Fig. 1. Temperature Factor of the Absorption Coefficient
in a Cloud as a Function of the Parameter y. /103

r neper/km
g/m?3

Fig. 2. Spectra of Absorption
in a Cloud for Various Values
of the Temperature. 1. t,p =
20° C; 2. tgoy = 0° C3 3.

teg = 20° C.
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Figure 2 gives the spectra of absorption in clouds for temp-

erature values of 20, 0 and -20°C. From the graphs in Figure 2
it is clear that the temperature of cloud has quite a strong influ-
ence on the spectrum of absorption. For example, at a temperature

of -20° C the absorption in the clouds, taking into account the
extrapolation, significantly deviates from the function 1 in the

A2
millimeter wave bandl.
3
The experimental investigations of the radiation and absorption
of a cloudy atmosphere were begun by us in 1962 - 1863 at wave
lengths of 0.4 and 0.8 c¢cm in the region of Leningrad. These inves-

tigations were then continued on an RT-22 radiotelescope at the
Lebedev Physics Institute [12].

At the time of the radiometric measurements of the atmosphere
we regularly made observations of temperature, pressure and the
absolute moisture content on the surface of the Earth; in cloudy
weather we noted the form and the altitude of the lower boundary
of the cleoud from [13]. We made four flights for aircraft-sounding
from the Vnukovo airport, located at a distance of 60 km from the
RT-22.

The measurements were made at the following wave lengths: o.4,
0.8, 1.6, 3.3 and 10 cm. The concise characteristics applicable to
the RT-22 radiometric instrument are shown on Table 2.

In Table 2, V8TZ is the fluctuation sensitivity of the radio-
meter, Ty is the time constant of the emitter, Af is the frequency
band transmitted by the radiometer, & is the width of the direc-
tional diagram for the level 0.5. The electric axes of the antenna
at the indicated wave lengths were set up with the aid of a special
radiator, aligned in focus of the 22-meter mirror.

The calibration measurements of the antenna parameters were
made by a combined determination of the radio transparency and the
radiobrightness temperature of the atmosphere simultaneously on
several wave lengths. This permitted determining the antenna para-
meters with an accuracy no less than 10% in mean square error.

Because of the smallness of the imaginary part of the dielectric
constant of ice the absorption in crystalline clouds regardless
of the form of the crystals is more than two orders of magnitude
smaller than in drop supercooled clouds, having a temperature and
water content identical to them. If we take into account that the
water content of the crystalline clouds is less than the liquid
clouds and does not exceed 0.7 g/m8 [11] then it is obvious that
we can ignore the absorption in them,
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Type of Radiometer Wave
length, Tt AF 9
| l_em _ | V8T? |sec. | MHz | ang. min.
Superheterodyne | 0.u41 3+ 8 30 2.0
Superheterodyne 0.82 0.8 4 30 2.0
Superheterodyne 1.57 0.8 5 60 3.5
Parametric 3.34 0.1 5 60 5.9
Superheterodyne 3.34 0.1 5 60 5.9
Parametric of Direct
Amplification 10.3 0.05 2 200 18.0

The radiometric measurements of the clouds were made on the
RT-22 from May 1864 to June 1965 under various meteorlogical condi-
tions. The registration of the clouds was made with a stationary
antenna or with rotation of it by azimuth,. In the presence of a /105

solid uniform cloud cover or storm we used the vertical cross sec-
tions of the atmosphere.

The signal/noise ratlio, determined by the brightness tempera-
ture of radiation from the cloud relative to the level of the clear
sky and the fluctuation sensitivity of the radiometer was not the
same at the various wave lengths., The largest signal/nolse ratio
was obtained at a wave length of 0.82 cm. At this wave length we
recorded the radiation from clouds of the lower level and the verti-
cal development, with the exception of thin, translucent stratus
and cumulus clouds. At all wave lengths we confidently recorded
the large cumulus clouds Cu cong and the individual average cumulus

clouds Cu med. T

b cl
max _ max _ o
Tp c1 K—Ogucm,Tb Cl—l60 K
r " max
= . = [e]
i ) A=0 8cm,Tb el 159°K
1.6cm max - o
7x) ’Tb ol 69°K
Gb M
L ; \
G4t > bﬂ&”&
\ 5
- S ~ ek \/‘}\/s
L 4 /J ‘\\‘ )
02 v %mfﬂﬁ%
i T
0,...:;._;__L, [UTES TRU SN SN I PUREPORENDES SRS P B G R E
8 70 12 74 g s 20 22 24 26 28 min
Fig. 3. Relative Variations of the Brightness Temperature of the

Cloud at Wave Lengths -of 0.4, 0.8 and 1.6 cm. The Brightness Temp-

erature of a Cloud-Free Sky at A = 0.4 cm was 100° K, at A = 0.8 cm,
38° K, at A = 1.6 cm, 22° K. The zenith angle is 60°.
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Tabhle 3

r==0,41 cu r=10,82 cx A=1,6 cm A=3,3 cx L =1040 ¢
Type of Clouds . o] °C z » ‘ i '
yp | cl | - Smax L opmax o FIUAX | = ‘ Tmaq 7 . pmax
. | bel, 'bel 'bal bel ‘bel; "bel bcl’ becl, el ‘pel
| - e _! e e i t i ' |
Cu hum. 0 5 60 - — 4 10 —_ —_ — — — -
Cu med. 05 . 00 30 1i0 30 120 10 10 %5 11,0 0,3 1,3
Cu cong. 05 60 90 Tt 70 162 . 25 67 7,0 20,0 1,01 2,51
St, S¢ Winter -10 0 20! 351 12 20 4 ) 7 0y 91 ‘ 1,51 0,11 0,21
St, S¢ Summer 5 0 451 701 15 35 5 1o 10 2 S0 0,31
f . | : i j | i |
1 . .
The data were obtained by using the results of measurements at wavelengths of
A = 0.82 cm and X = 1.6 cm.
Table 4
r== 041 ev P 0,82 o oo 1,6 em 1==3,3 o 1 ==10,0 cu
Type-of Clouds ‘c1'C - max max max max max
i y T L T H T maxi = -
x> SIS el Ter Tary T, Ta ) Ta | e ‘ '
' i ‘ ' S S SRS AU SUUTRS S
Cu huni. 0-5 t - 0401 0,01 — — — — — —
Cu med. 0-5 () 0 1 0,0 0,11 0,73 0,0+ 0,21 0,009 0,012~ 0,0011  0,0048
Cu cong. 005 60 1,1 363 0g 40 1,21 0,12 04 35 0,026 0,075 0,0036  0,0091
St, S¢ Winter T 0 0,13 0,24 0,05 0,00 0,015 0,02 0,003t 0,006 0,0004 0,0008
N ; R R | : i 4 %
St, S¢ gummer 5, 0 0,20 0,46 0,06 | 014 . 0,019 i 0,040 | 0,0036 | 0,009 i 0, 0004 to,ocm



Figure 3 shows as an example the curves of measuring the
brightness temperature of the atmosphere, obtained in measuring
the radiation from a large cumulus cloud at wave lengths of 0.41,
0.82 and 1.6 cm on September 3, 1964. The intervals of averaging
the brightness temperatures Ty,; are found in the range from 5 -
20 sec. For convenience of comparison the curves are normalized
to the respective maximal values of Tgax_ From Figure 3 it is
clear that the curves of the relative change in Tp.7 are not the
same for the various wave lengths. This fact is due to the dis-
ruption in the proportionality between Tp.3 and w in the millimeter
wave band, which to a large degree appears at a wave length of 0.41

cm.

As a result of interpreting the recordings of the radiation
from various types of clouds we obtained average and maximal values
of Tya1, which are shown on Table 3. At wave lengths of 0.4, 3.3
and 10 cm for the individual types of clouds there were fewer
measurements made than at wave lengths of 0.8 and 1.6 cm. In this
case the data are cited from the results of measurements at wave
lengths of 0.8 and 1.6 cm taking the spectral dependence of the
radiation into account.

The random error of an individual measurement of the bright-
ness temperature of the cloud, determined mainly by the fluctuation
threshold and the stability of the amplification factor of the re-
ceiver, depended little on the intensity of radiation from the
cloud and did not exceed 10% of the measured value for developed

cumulus clouds.

Absorption in clouds was determined with measurements of the /107
brightness temperature of the atmosphere and from observations of
the radiation emission from the Sun by tracking the position of
the center of its disk,

The data on absorption, obtained from measuring the natural
radio emission, involve a wide class of clouds. The absolute
temperature of the cloud was determined from the materials of air-
craft sounding of the atmosphere, and also was evaluated from the
temperature at the surface of the Earth and the average altitude

of the clouds. In this latter case the sub-cloud temperature grad-
ient was chosen according to [11]. The accuracy of the estimation
was assumed equal to +4° C., Table 4 gives the values of the average

and the maximal absorptions in the clouds, obtained for measurements
of the brightness temperatures.

The measurements of the absorption from radio emission of the
Sun permitted obtaining a higher accuracy, thus making it possible
to use these measurements for determining the characteristics of
the dielectric constant of the water drops.
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The experimental investigation of the effect of temperature
on the spectrum of the relative absorptions in the cloud was car-
ried out from the solar radio emission for wave lengths of 0.41,
0.82 and 1.6 cm. During these measurements the cloud temperature
varied in a range from +3 to -13°, which permitted obtaining
experimental data on the temperature dependence of the dielectric
constant of the water drops in the region of supercooling.

The measurements showed that with a decrease in temperature
a decrease is observed in the absorption ratio Te1(0.4) , Te1(0.8)
Tci(0.8) Tc1(1.6)

and an increase in the relaxation constant t,. Figure 4 shows the

values of TI'¢1(0.4) and To1(0.8), measured in tracking the center of
lei1(0.8) Tep(1.8)

the solar disk. There also are shown the temperature dependences

of the ratios of absorptions in the cloud at these wave lengths,
obtained at temperatures below the melting point of ice by extra-
polation from values of g€g,and Tr measured at temperatures of Tq31
> 273° K. Table 5 shows the values of the relaxation time of
water molecules obtained during eight observational measurements.

TABLE 5

Observations ...... 1 2 3 ) 5 6 7 8

tel ©C v 12.5 -8 -7 -4 -2.5 2 2 3

Tp + 10712 sec .... 2.80 2.20 2.07 1.91 1.67 1.75 1.27 1.20

From Figure 4 it is clear that the measured values of the ra- /108
tios of the absorptions T'c1(0.4) and T¢1(0.8) within the limits of
rc1(0.8) Fop(1.6)
error agree with the computational curves. Here the experimental

points lie near curve 2, representing the extrapolation of data
from [6] rather than near curve 1, representing the extrapolation
of data from [7], although the experimental errors do not permit
making a confident choice between those in [6] and those in [7].
5

The data from the spectral measurements of the total absorp-
tion and brightness temperature of a cloudy atmosphere were inter-
preted to obtain estimations of the integral water content of the
clouds and the total moisture content of the atmosphere. As fol-
lows from [3] and [4], the total absorption of a cloudy atmosphere
depends on the total moisture content of the atmosphere and the
integral water content of the clouds. Evaluations of the possi-
bility of combined determinations of the total moisture content and
the integral water content from data of radiometric observations at
several wave lengths show that the measurement accuracy of these
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Fig. 4. Relative Absorptions in a Cloud at Wave Lengths of 0.4,
0.8 and 1.6 cm as a Function of its Temperature. a. 0.4 and 0.8

cm; b. 0.8 and 1.6 cm.

values, taking into account the real sensitivity of the radiometric
receivers, is about 10%.

As an example, in Table 6 are shown the results of interpret-
ing one group of measurements (z = 80°), carried out on September
3, 1964. In the first two lines of the table are shown the values
of the total moisture content R and water content W, obtained from /109
measurements of the radiobrightness temperatures at wave lengths of
0.82 and 1.6 cm, in the third and fourth lines are the values of
the intergal water content of the clouds obtained from measurements
respectively of wave lengths 3.3 and 0.82 cm using the data on total
moisture content of the atmosphere.

The average value of the integral moisture content is 18.7.
103 g/m2 with a mean square error of the individual measurement
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of + 1.5-108 g/m2. The aircraft sounding
out during the same hours gives a similar
From the data in Table 6 it is clear that
the values of the integral water content,
absorption at wave lengths of 0,82 -
of 3.3 cm, does not exceed 20%.
of the integral water content,

of the atmosphere carried
result: R =
the difference between
found from measuring the
1.6 cm and at a wave length
The divergence between the values
shown in the second and fourth

lines, is considerably smaller.
2
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Fig. 5. Realization of Time Variations in the Integral Water Con-
tent in Stratocumulus Clouds. a. December 18, 1964, sec z = 5.5;
b. May 18, 1965, sec z = 1.48,
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The scatter in experimental values of the total moisture con-
tent determined using a combination of 0.82 - 1.6 cm wave lengths,
is decreased with increase in the zenith angle up to 85°. The
mean square error of evaluating the integral water content depends
little on the zenith angle and is 30 - 40 g/m which corresponds
to a 10% accuracy in measuring W in the central part of the cumulus
cloud.

An example of realizing the time variations of the integral

water content in non-transparent stratocumulus clouds obtained dur-
ing observations of the solar radio emission is shown on Figure 5,
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The difference in the average values of the integral water
content of the stratocumulus clouds when 2z = 0° for a single ses-
sion of observations did not exceed by more than 2 - 3 times the
mean seasonal water reserves of stratocumulus clouds given in the
work by V.Ye. Minervin [1l4] for Moscow. For maximal values of
W(0) the difference exceeded the water reserves given in [1u4] by
5 - 6 times,

These experimental data show that measurements of the radio
transparency of the atmosphere by radioastronomical methods at
several wave lengths permit determining the integral values of the
moisture content and the water content with an accuracy no less
than 10 - 20%.
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EXPERIMENTAL INVESTIGATIONS OF ATTENUATION AND RADIO
EMISSION FROM RAIN IN THE UHF-BAND

B.G. Kutuza

ABSTRACT: The results of simultaneous measure-
ments by radiometric methods of attenuation and
radiation from the atmosphere, containing rain
precipitation at wave lengths of 0.41, 0.82, 1.6
and 3.3 cm, are cited. The dependence of attenua-
tion of radio emission in rain on the dimensions
of the drops 1s confirmed experimentally. Based
on the data of attenuation in rain at different
wave lengths, the effective diameters of the
drops and the integral water content of the

rain are evaluated.

1
Measurements have been made by a number of authors [1-3] of /111
attenuation in rain of millimeter and centimeter waves. The method
of the measurements in these papers differed little and resulted
in the following. The attenuation was determined between the

source and receiver, placed at the ends of an open line of sight,
with simultaneous measurement of the intensity and other meteoro-
logical parameters of the rain. Here, as a rule, the attenuation
in the rain was measured at individual wave lengths.

In the present paper we investigated the attenuation and
radio emission from the rain by radiocastronomical methods. A
brief description of the method of radiometric measurements on the
RT-22 were given in [51].

2

Observations of radio emission and attenuation from rain were
made in the course of two periods, September, 1964 and June, 1965.
In the first case the rainfall in each observation was due to the

passage of a frontal cloud cover. In June, 1965 the precipitations
were due to cumulonimbus clouds. The intensity of the rain varied
in a range from 0.5 to 65 mm/hr. Four observations were made in
September, and in June, eight were made. Each observation con-
tinued for 1 - 2 hours.

Natural radiation from the atmosphere was received with a
fixed antenna at wave lengths of 0.82, 1.6 and 3.3 cm. In the
observations of solar radio emission, O.41, 0.82 and 1.6 cm waves
were used.

The radiometric observations were accompanied by recordings
of the rain intensity. For this purpose we used a Tret'yakov
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precipitation gauge, which was set up on an open area near the
RT-22. The exposure time of the precipitation gauge as a function
of rain intensity was chosen from 3 to 15 minutes.

Figure 1 shows examples of recording the brightness tempera-
ture of the atmosphere at three wave lengths during the time of

rainfall from nimbostratus clouds on September 10, 1964%. The
antenna was set up counter to the movement of the clouds so that
its axis was placed in the plane of the velocity vector. The
zenith angle was 75°, Therefore reception of radiation from the

rain was begun prior to the appearance of the rain in the radio-
telescope. On Figure 1 the steep decline in the recording at the /112
3.3 cm wave length is due to the onset of rain at the site of recep-

tion. When the rain drops fell on the antenna horn, directed to
the zenith and covered with a polyethylene film, a sharp change
occured in the antenna temperature. On two other wave lengths this

was not expressed since the circuit of the antenna was hooked up
to a matched load, and the face of the exciterl was protected from
rain drops on the reception channel horn.

Table 1

A ecm . . . o« « . . . . . 0.82 1.6 3.3
Tgax °K . . v 4 v . . . . 289 184 u0.5
Tb OK v v v v v e v v . . 252 149 37

T OK v v v v v+ . . 74 54 12

b ¢ s

Table 1 gives values of the average Ty and the maximal Tgax

brightness temperatures of the atmosphere, obtained as a result of
interpreting the two observational periods during rain fall. The
data refer to a zenith angle of =z = 75°. The values of Tb have been
averaged for 50 minutes. The maximal brightness temperatures were
observed during a period of 4 minutes. The intensity of the rain
was approximately 5 mm/hr.

From Table 1 it is obvious that the brightness temperatures,
at wave lengths of 1.6 and 3.3 c¢m during the time of rain, are

1 The effect of rain on the parameters of the antenna #was not in-
vestigated especially. However conditions arose sufficiently often
when the rain drops appeared earlier in the zone of the antenna
beam than at the reception site. Here no deviations were noted on
the millimeter waves at the moment of incidence of the rain drops
on the antenna.

During this period of observations no measurement of rain in-
tensity was made.
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Fig. 1. Variations in Brightness Temperature of the Atmosphere
at Wave Lengths of 0.82, 1.6 and 3.3 cm at the Time of Rain.

significantly higher than with radiation from cumulus congestus
clouds, which among all clouds do not produce precipitation and

have the highest integral water content. As a result of the large
optical depth at the 0.82 cm wave length (1t = 3) the brightness /113
temperature becomes near the thermodynamic temperature of the rain.

3

The measurements of attenuation in rain were conducted by
tracking the center of the solar disk. Figure 2 shows graphs which
indicate the changes in attenuation in the atmosphere at 0.41, 0.82
and 1.6 cm wave lengths during the time of rainfall from nimbostra-
tus clouds on September 10, 1964. The zenith angle of the Sun in

this period of time varied from 59 to 64°. The experimental points
were plotted at an interval of 15 seconds. On Figure 2 it is
obvisou how the increase in attenuation in rain takes place. On

the curves we can see individual scatters and a large drop fol-
lowing the first rise. The optical depth at the 0.41 cm wave
length reaches 4.7 nepers; at the 0.82 cm wave length, it is
2.4 nepers, and at the 1.6 cm wave length it is 0.8 neper.

In June, 1965 simultaneous measurements were made of attenua-
tion in rain and its intensity. Figure 3 shows the experimental
values of the optical depth of the rain t, at the 0.82 cm wave
length as a function of its intensity. The values of Tp were ob-
tained after subtraction from the total attenuation of absorption
in the oxygen and the water vapor. They were averaged for the
exposure time of the precipitation gauge and reduced to z = 0°,
The approximation curve, plotted from the available points, has a
knee with values of the rain intensity greater than 10 mm/hr.
Analogous functions 1, = f(I) were obtained for the 0.41 and 1.6

cm wave lengths.
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Fig. 2. Time Variations in Attenuation in the Atmosphere at 0.41,

0.82 and 1.6 cm Wave Lengths During Rain.

The maximal values of attenuation in the atmosphere during
rain, observed on June 21, 1965, with a rain intensity of 65 mm/hr

at the 0.41 cm wave length, were 6.5 nepers; at the 0.82 cm wave
length, 6.0 nepers, and at the 1.6 cm wave length, 2.8 nepers /11
(with a zenith angle z = 40°). Under these conditions the signal

from the Sun at the 0.41 and 0.82 cm wave lengths decreased by
approximately 500 times.

trdb
0 - -
14 _ -
o7 A % T wor mm/hr
Fig. 3. Attenuation in Rain at the 0,82 ecm Wave Length as a

Function of its Intensity.
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When 1< 2 nepers the measurement error was determined by the
stability of the amplification factor of the vreceiver and, in abso-
lute value, did not exceed 0.4 neper at the three wave lengths. Tor
larger values of the optical depth the intensity of the signal from
the Sun was found to be near the fluctuation threshold of the
receiver's sensitivity, as a result of which the absolute measure-

ment error of T, increased.

4

In individual observations on the 0.82 cm wave length, measure-
ments were made of the attenuation in rain for the horizontal and
vertical polarizations. Change in the plane of polarization was
accomplished using a ferrite polarizer. The calibration measurements
were made during observations of solar radio emission for two polar-
izations in cloud-free weather. Table 2 shows the results of
interpreting the difference in attenuation in rain for the verti-
cal and the horizontal polarizations. The zenith angle for these
measurements was 30°; the average values for the rain intensity
were 2.5 mm/hr and the attenuation for the vertical polarization
was 1.7 nepers.,

Table 2
Session . . 1 2 3 4 5 6 7
Time
hr minosec‘,” 0630 170705 170730 17 0810 1708 30 17 08 55 17 09 05
e
XL Fop 58 4,0 %9 4,2 5,4 2,2 7,3
T
r

According to references [4,5], the difference in attenuation /115
in rain for the vertical and horizontal polarizations with an in-
tensity of 2.5 mm/hr at the 0.86 cm wave length is about 10%. The
smaller values of §§~1} // <! in Table 2 may be assumed as

T

being due to scatter in the zenith anges of the observations.

5

Simultaneous measurements of the value of the attentation dur-
ing precipitations at the 0.41, 0.82 and 1.6 cm wave lengths made

it possible to determine the ratic of the coefficients 1p(0.4) and
TP(O.B)

Tr(0.8) . The values of 71, were found from the difference in the
Tp(1.6) total attenuation in the atmosphere and the absorption
in oxygen and water vapor. With moderate and heavy rain, the
amount of attenuation in the atmosphere for the oxygen and water
vapor was quite small. No distinction was made between the compo-

nents of attenuation in clouds and in rain.

The first measurements of the ratios of the attenuation fac-
tors were made for precipitations, which fell from nimbostratus
clouds. Figure 4 shows experimental values of tp(0.4) and 1,(0.8)
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Fig. 4, Attenuations in the Atmosphere at the 0.41 and 0.82 cm
Wave Lengths as a Function of Attenuation at the 1.6 cm Wave
Length on September 10, 1964.

as a function of attenuation at the 1.6 cm wave length. On the
right-hand side of the figure we see polints that were obtained
during measurements in rain. The lines have been plotted which

approximate the experimental values of attenuation during these
periods, when (1) there was no rain at the site of reception and

(2) when there was. The slope of the lines permits us to judge
the ratios of the attenvation factors. In the absence of rain /116
Tp(0.4) = 2.8 and 1(0.8) = 3.20, which corresponds to the spec-
Tr(0.8) Tp(1l.6)
tral characteristics of attenuation in a cloud at a temperature of
8° C. The lines which characterize time variations in attenuation
during rainfall have another slope. Here the ratio 1,(0.4%) is

Tp(0.8)
decreased and assumes a value of 1.6, but the ratio 1,(0.8) is

Tr(l.E)

increased up to 3.8.

During observations of precipitations which fall from cumulon-
imbus clouds, we noted that in the process of rainfall the ratio of

the attenuation factors varies. Figure 5 shows the values of the

ratios of the attenuation factors tp(0.4) and tp(0.8) during the
1p(0.8) Tp(1.6)

passage of a storm front on June 21, 1965, Along the abscissa axis

is plotted the time figured from the beginning of the appearance

of rain at the measurement site. There also are given the values

of the rain intensity measured by the precipitation gauge. The
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Fig. 5. Time Variations of Relative Attenuations in the Atmosphere
at the 0.41, 0.82 and 1.6 cm Wave Lengths During the Passage of
a Storm Front. 1. 1,.(0.4) 3 2. 1,(0.8)
T(0.8) Tp(1l.6) .
antenna was set up counter to the movement of the storm. In the

initial period of the storm we noted an intense precipitation.

The relative attenuation at the 0.41 and 0.82 c¢m wave lengths in

this case was 1.2, and at the 0.82 and 1.6 cm wave lengths, it

was 2.04. Then the ratios of the attenuations of both pairs of

wave lengths began to increase, TFigure 5 shows the rise in the

curve of the ratio 1,(0.8) with a rain intensity of 5.0 mm/hr.
Tp(1.6)

6

The difference in the UHF-spectrum of attenuation in rain and
the spectrum of attenuation in a cloud cover is due to the larger
dimensions of the drops and the appearance of resonance effects

[6,7]. Figures 6 and 7 give the computational functions of the
relative attenuations of the 0.41, 0.82, 1.6 and 3.3 cm wave
lengths for a range of diameters from 0.6 to 4 mm. In the compu-

tations (Fig. 6) it was assumed that in rain the distribution of
drops by dimensions corresponds to the distribution cited in [8].
Multiple scattering [7] was taken into account for the case of a
one-~dimensional atmosphere [9]. The dotted line shows analogous
curves with a constant drop diameter, without taking multiple
scattering into account.

If we compare the measured values of the relative attenuations
in rain at the above wave lengths with the computational curves?,

Computation of the effective factors of attenuation, absorption
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Fig. 6. Relative Attenuations of the 0.41, 0.82, 1.6 and 3.3 cm
Wave Lengths in Rain as a Function of the Effective Diameter of

the Drops. (Mondisperse Atmosphere). 1. + 10° C; 2. 0° Cj
3. =-20° cC. -
Wwe can estimate the effective values of the drop diameters. With
a ratio of attenuations in rain t1,(0.4) and 1r(0.8) (see
Tp(0.8) Tr(1.6)
Fig. 4) the effective dimensions of the drops enter the resonance
region of the 0,82 cm wave length and their diameter lies in the /118
range from 1.6 to 2.0 mm. The values of the relative attenuations
for the initial period of the storm (Fig. 5) correspond to the
average dimensions of the drop dlameters (3.4 - 3.8 mm). The time

variation in the relative spectrum of the three wave lengths per-
mits judging as to the decrease in the average dimensions of the
drops.

7

The measurement results of the attenuations at three waves

footnote #3 cont.
and scattering of water drops according to the Mie formulas was made
by I.Ya. Gushchina on a BESM-2 computer.
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r{X2)

r lengths were used for evaluating the in-
5 tegral water content, contained in an

3 atmospheric column during rainfall. For

evaluation of the integral water content
we used a model which allows for the
distribution of drops by dimensions.
Here it was assumed that the drop dis-
tribution by dimensions [8] is valid

in the entire path of the wave pro-
pagation.

Tr(16)

- The integral water content was
computed for two variants: allowing
for single scattering and multiple
scattering (a one-dimensional atmos-

phere). The effective diameter of the

| Tr(at) drops was found from the ratio

Tr(g2) (A1)
C L - Tp(A2) for two combinations of wave

1 2. 3 4 dmm lengths: 0.41 and 0.82 cm and 0.82 and
Fig. 7. Relative Attenua- 1.6 cm.
tions of the 0.41, 0.82, 1.6
and 3.3 cm Wave Lengths in Table 3 gives the results of in-
Rain with Identical Drop terpreting a single session of measure-
Dimensions as a Function ments of storm rain on June 21, 1965.
of Drop Diameter, Taking The observations were conducted at a
Multiple Scattering into zenith angle of z = 40°. Here M; is
Account (One-Dimensional the integral water content, obtained
Atmosphere). from measurements at the 0.41 and 0.82 /119

cm wave lengths; M, is the integral
water content obtained using measurements at the 0.82 and 1.6 cm
wave lengths; Mi and Mé are the same, but allowing for multiple
scattering. W is the integral water content of the cloud
cover at which this attenuation would be observed at the 0.82 cm
wave length.

From Table 3 it is clear that the divergence between values
of the integral water content determined from the different combi-
nations of waves, on the average is 10 - 15%. The values of M,
obtained by allowing for multiple scattering, are found to be
greater by approximately 50% in comparison with those which allow
only for single scattering. If we compare W5 g with the other
values of the integral water content corresponding to one and the
same moment of time we find that the average cross section of
attenuation of the rain drops exceeds the cross section of atten-
uation of the cloud cover by 4 - 7 times. On the assumption that
the clouds and the rain have one and the same integral water con-
tent, the error in determining M is approximately 20%. The values
of the integral water content of a heavy rain and cumulus congestus
clouds give comparible results. The difference in attenuation is
due apparently to the large cross section of attenuation of the
raindrops.
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Table 3

Time ‘
hr,min.sec. 152400 152530 152640 -152800 152915 153100
tr(0,4) neper 4,92 5,40 5,00 4,18 3,34 3,73
1 (0,8)neper 3,10 5,29 4,58 2,17 1,52 1,66
tp(1,6) neper 1,47 2,70 2,23 0,83 0,58 0,60
M kg/m?2 . .. 23 4,8 4,1 1,7 1,3 1,4
My kg/m2. - - 2.4 4,3 3.6 1,6 1,1 1.3
M kg/m?2 ... 35 7,5 6,6 2,4 1,7 1,9
1
M xg/m2. - 37 8,5 5,6 2,5 1,7 1,9
2
Wos kg/m?2 . . 16,5 26,6 22,9 10,5 7.6 8,3
I mm/hr - - - 65 10
Time
hr.min,sec. 15 34 00 15 36 15 15 37 30 15 42 00 15 44 00
% (0,4) neper 3,43 3,42 2,73 2,50 2,04
+1(0,8) neper 1,46 1,30 1,00 0,83 0,69
<p(1,6) neper 0,50 0,45 0,25 0,20 0,19
M kg /m?2 1,3 1,30 1,0 0,9 0,7
My kg/m2 - - - 1,1 1,0 1,0 0,9 0,6
M xg/m2 - - L7 1,6 1,3 1,1 0,9
M kg/m? . .. 1.7 1,5 1.4 1,2 0,8
Wog kg/m? - . 753 6,5 5,0 4,2 3,5
Imm/hy - -+ - 5

For a more precise determination of the integral water content
and the possibilities of distinguishing the contribution of the
components of total attenuation in rain and in clouds, we must
allow for the distribution function of the drops by size, which
requires additional investigations.
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CONTRASTS IN RADIOBRIGHTNESS TEMPERATURES DURING OBSERVATIONS
OF CLOUDS AND PRECIPITATIONS

V.D. Stepanenko

ABSTRACT: A method of computing the radio-
brightness temperatures and precipitations in

the centimeter wave length band is described.
Values of the radiobrightness temperatures and
contrasts of rain-free clouds of different types
with various glancing angles for the horizontal
polarization. The results of computations of
radiobrightness temperatures and contrasts of
rains of different intensity and snowfalls over
the basic types of underlying surfaces at vari-
ous glancing angles for the horizontal and
vertical polarizations are cited. The values

of the brightness temperatures and contrasts of
clouds and precipitations during observations
from Earth are computed. The results of measure-
ments of radio emission from the atmosphere and
atmospheric condensations by a radiometer from
Earth are cited, and a comparison is made between
experiment and computational data.

The possibilities of detecting clouds and precipitations by
means of passive radar depend on the radiobrightness temperatures
and contrasts of these temperatures both in scanning these metero-
logical targets on the background of land and water surfaces from
aircraft, and with radiometric observations from the Earth.

Following references [2,3], the intensity of thermal radia-

tion from the atmosphere, found at a temperature of Tay and char-
acterized by the absorption coefficient a, will be

I,z%gcwll—exp(—§add}+Jﬁ“P<—§“dq’ (1)

where k is the Boltzmann constant, XA is the wave length of the
radiation.

The first term in formula (1) describes natural radiation from

the atmosphere and the second - the cosmic radio emission.
00
The value {adh:F characterizes the total absorption of

radio waves in the atmosphere at an angle §.

If we express the intensity of the thermal radio emission
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through the temperature, formula (1) can be written in the form

- - (2)
T,®)=T (1—e TO) 41O

Since at A < 10 cm the quantity Tb does not exceed fractions
of degrees [2], then

(3)

In reference [2] the authors assume T (§) to be a small guan-
tity:; therefore the brightness temperature of the sky, because of
radiation from the atmosphere, is defined as

() =T T (). ()

This same formula (&) has been recommended for use in computing the
radiobrightness temperature of clouds and precipitations. How-
ever, our computations showed that at A < 3 cm it is necessary to
use feormula (3) rather than formula (4), since this latter (in the
case of determining Ty (8) of the clouds and precipitations even at
A = 3 ecm) may give an error on the order of 200%.

In the general case, with computation of the thermal radio emis-/122
sion from bodies, it is necessary to take into account the reflection
from the part of the energy of radiation from atmosphere 2 of the
interface of the atmospheres 1 - 2, which are determined by the

reflecticn coefficent (in size)
g2 = b 2
2 2 r’ef’
E

2 inc

Wwhere E and E are the values of the complex amplitudes of
? inc 2 pef

incident and reflected waves on the surface of the atmospheres.

As a result, the radiobrightness temperature of atmosphere 2
on its upper boundary is determined by the expression

Tb,—-r‘_,av.:(x — R (1 —¢7"). (5)
For gases of the atmosphere, cloud cover and the majority of

precipitations, R?2 is a small value, therefore the coputational
formula for these atmospheres is expression (3).
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The absorption coefficient of the underlying surface in the
band of centimeter and millimeter wave lengths is high, and the
thermal radio emission is formed in the thin surface layer. In
this case, e T 0 and Tb2 = To av (l—R;).

If the interface of the atmospheres is a plane surface, i.e.,
for the irregularities hs’ the criterion of Rayleigh irregularities
h < A

8 —~ - = h is satisfied, then for the vertical and
16 cos § max

horizontal components of the field of thermal radio emission propa-
gating in uniform atmosphere 1, the reflection coefficients RZ2 will
differ from the interface of atmospheres 1 - 2.

In the works of various authors [5,8,11], theoretical and
experimental values are given for the reflection coefficients of

different surfaces. Here the reflection coefficients for water
and other surfaces are computed by assuming these surfaces to be
smooth. Unfortunately, in the literature there are very little

experimental data concerning the values of R2 for rough water and
other uneven surfaces.

In installing the radiometer on the aircraft i1Its antenna will
use the energy of thermal radio emission from the underlying surface
and a cloud-free atmosphere or an atmosphere with clouds and precipi-
tations.

The difference between the energy of the thermal radio emis-
sion, used by the antenna from the underlying surface and the cloud-
free atmosphere and the energy used by the antenna in the presence
of a cloud cover and precipitations, determines the radiobrightness
contrast of the zones of clouds and precipitations.

The energy of the thermal radio emission, used by the antenna /123
directed toward the Earth, in the case of a cloud-free atmosphere,
can be expressed through the radiobrightness temperature in the
following manner:

To=T(1 = R) e+ T (1 — ™) - T (1 — ™) R, (6

where T is the absolute temperature of the underlying surface, T
is the absorption coefficient of the radio waves by atmospheric
gases.

a

The third term on the right-hand side of equation (6) deter-
mines the part of the energy of thermal radiation from the atmosphere
which, having been cut off from the underlying surface, is incident
on the antenna of the radiometer. Let us denote it as the illumina-
tion (Fig. 1).
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where T, 'y are the absorption coefficients in atmospheric
gases and cfouds for each layer, T;, T,, T3
tures of the layers.

TITTITITEIITIIIF 7771 TTTT7

Fig. 1. Diagram, Depicting the Detection of Clouds and

Precipitations from an On-Board Radio Thermal Locator.

In the presence of rainfall, according to Figure 1, we will
have the following expression for the radiobrightness temperature:

v
.

ro=T (1~ e (5450 L7 (1 o) x
X [ e @rmrro g grem (Trmatm )] pm (1 0 ¢
X [em R e RN LT (1 o) x
Xl g R (i min)] L7 (1 — e x
(14 o™ (it s

(8)

In formulas (7) and (8) it is assumed that the illumination is
due to a solid cloud cover or a zone of clouds that are identical
in their characteristics with the cloud cover and precipitation
occupying the unrefracted part of the main lobe of the radiation
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are the average tempera-

For clouds without precipitation we have the following relation-



pattern of the antenna. Under real conditions, especially for small
angles of 8§, this may sometimes not be satisfied.

The difference between equations (7), (8) and (6) or between
equations (8) and (7) will give a value of the contrast of the
radiobrightness temperatures ATy of the zone of clouds and precip-
itation over various underlying surfaces.

Included in these equations are the absorption coefficients
of the radio waves in atmospheric gases, clouds and precipitations.
For atmospheric gases they can be computed from the well-known for- /124
mulas in [5]. The absorption coefficients for clouds without pre-
cipitation and light rains [1,4,6] can also be computed easily

since in these cases the parameter < 1 (where a is the radius

of the particle) and the attenuation of the radio waves as a
result of the small scattering occurs practically due to their
absorption. However, for large rain drops, the contribution of
scattering becomes significant. As a result of this, equation (1)
must be solved by allowing for scattering which, generally speak-
ing, involves considerably difficulty.

Although there are several approximate methods for solving
the transfer equation, allowing for scattering, their use is a
special problem that is outside the framework of our article.
However, in order to approximately know the limits of applicability
of equation (8),we made computations involved with an accurate
determination of the efifective areas of scattering Qg and the
effective areas of attenuation Qt, of 1 m3 of different rains with
typical distributions of drops according to the precise Mie for-
mulas. The number of drops N per 1 m3 was assumed equal to 500.
The precise values of Qg and Q¢ for drops of a given size were
taken from references [4,5].

From analysis of Table 1 we can make a number of important

practical conclusions. For A > 2 cm up to very heavy rains (I =

20 mm/hr), Qg << Qt. This permits a sufficiently accurate determi-
nation, using formula (8) , of the value of the radiobrightness
temperatures in almost the entire centimeter wave band. For X < 2
cm, in particular when A = 0.8 cm, Qg becomes comparable with Q¢
for almost all rains. At wave lengths of A = 1.2 - 1.6 cm we can

ignore the scattering for drizzling and light rains without any
large errors.

Now, if we know the limits of applicability of equations (6),
(7) and (8) we can more reliably interpret the values of Ty and
ATb computed below, not only for the clouds, but also for zones
of precipitation. Such computations were made under the condition
that these atmospheric condensations are localized over the various
underlying surfaces.
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TABLE 1: VALUES OF THE EFFECTIVE AREAS OF ATTENUATION Qy AND THE
TOTAL SCATTERING Qg (mm2/m3) FOR VARIOUS RAINS.

» Intensity of Rain, mm/hr
1=0,25 =1
A cMm . 0 —_ 0
Q Hs " Ks
Q: | s o Q: Qs O,
0,8 7,8 - 1073 | 2,16 - 1073 0,28 399102 | 1,63-102 0,41
1.2 1,97 - 103 1 2,72 - 104 0,14 1,03.102 | 2,25 - 103 0,22
1,6 1,0 - 103 4,5 - 1075 | 4,5-10-2 4,3 - 1073 2,1-10 ] 4,9.10~
2,0 4,3 - 10— 1,1 - 1075 [ 2,5 .10-2 2,1-103 | 1,13-104| 5,8.10"1
3.0 9,89 - 10-5 1,1 -10~7 ( 1,1.103 4,910 .9 - 1076 1 7.9.10-3
B T ~ Intensity of Rain, mm/hr .
=5 [ =20
A cM T 0 0
Q x5 Q Q XE
Qt § Qt t ) s Qt
0,8 |18,97-10-2{10,13-102| 0,53  |81,14.10~2 [48,81 - 10-2| 0,60
1.2 | 571-102] 2015.102| 0)38  [27021.10-2 |13.81 - 102 | 0,49
126 | 2%44.102 559.103| 0,23 |12055.10-2| 4.31.102| 034
2,0 1,15.102| 1,6 1073 0,14 5,98 . 102 1,06 - 102 0,19
3.0 2,81-103| 1,1 .10} 3,9.1072 1,95.102 1,74 . 1073 0,09

In the computations, pertaining to a water surface, the water /125

temperature T was assumed equal to 290° K. The distribution of
air temperature with altitude corresponded to the standard. The
distribution of water content in the air was chosen after A.A.

Khvostikov. For clouds without precipitation, such as stratus and
stratocumulus clouds, their thickness was assumed equal to AH = 0.5
km and the mean water content W = 0.1 g/m3; for altocumulus and

altostratus clouds AH = 0.6 km and W = 0.17 g/m3; for cumulus and
cumulus congestus clouds, AH = 1.5 km and W = 0.2 g/m3. The space
factor of the radiation pattern of the antenna for the particles

from clouds and precipitation Kg = 1 for the first and second types
of clouds and Kg = 0.5 for cumulus clouds.
In the presence of a light rain (I = 1 mm/hr) the thickness

of the clouds AH = 7 km, the thickness of the band of rain AHy, =

3 km and the water content of the clouds W = 0.2 g/m3. For moderate
rain (I = 5 mm/hr) AH = 8 km, AH, = 4 km, W = 0.3 g/m°. Finally,
for a heavy rain (I = 20 mm/hr), AH = 9 km, AHy = 5 km, Wy, = 1 g/m3.
The lower edge of the rain clouds was assumed to be at an altitude

of 0.5 km.

The computations of the radiobrightness temperatures and their
contrasts were made for different frequencies, glancing angles,
and the horizontal and vertical components of the field of thermal
radio emission.

Tables 2 and 3 show the results of computing Ty} and ATy, when
the clouds and the precipitations are located over a water surface.
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Let us note that ATy was computed as the difference between
equation (7) or (8) and equation (86).

From analysis of Tables 2 and 3 it is clear that in the  wave
length bands being studied, the quantities ATp of clouds without
precipitation, distributed over a water surface, are small and
rarely exceed + 10°. Another picture is observed in the presence
of zones of precipitation. In these cases the values of ATp are
always positive and often exceed 100°. The quantity ATy depends
little on the type of polarization, however the frequency depen-
dence is great as is the dependence on the glancing angle, which

varies in the various types of polarization. It is interesting to
note that ATy for heavy rains at A = 3 cm is greater than at A =
0.8 cm and A = 1.3 cm. At A = 10 cm, as a result of weak absorption

in the eclouds and precipitations, ATp does not exceed 12° even for
heavy rains.

TABLE 2: CONTRASTS IN RADIOBRIGHTNESS TEMPERATURE (°K) DURING OB-
SERVATIONS OF RAIN-FREE CLOUDS OVER WATER (HORIZONTAL POLARIZATION).

Clouds

Y em Stratus, | Altocumulus, | Cumulus
Stratocumulus Altostratus Cumulus congestus

Glancing angle, deg.

90 l 60 ‘ 30 90 60 ‘ 30 90 } 60 ‘ 30
0,8 2 1 —8 2 4 —14 5 7 —31
1,3 10 10 —34 3 —10 —37 0 4 —78
3 —6 0 1 —6 0 0 0 6 —14

TABLE 3: CONTRASTS IN RADIOBRIGHTNESS TEMPERATURES OF VARIOUS RAINS /126
(°X) FALLING OVER WATER

Intensityl Horizontal Vertical
X em of rainy Polarization Polarization
mm/hr Glancing angle, deg.

90 60 30 90 60 30

0,8 1 58 7 98 72 61 35
1,3 29 30 15 30 24 20
3 18 9 20 8 9 8
10 2 2 7 2 2 2
0,8 5 103 115 134 128 109 43
1,3 73 76 64 56 81 37
3 26 32 9 110 25 37
10 1 0 3 7 7 1
0,8 20 101 110 126 128 96 28
1,3 104 102 138 110 78 42
3 102 121 174 110 101 55
10 4 7 12 5 5 2
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The values of ATy for the various rains falling over dry land,
at A = 1 cm are shown on Table 4. The values of the reflection co-
efficients R, that are necessary for the computations, were taken
from reference [11]. The computed values of AT}y of the rains falling
over a coniferous forest are shown on Table 5.

TABLE 4: CONTRASTS OF ATy (°K) OF VARIOUS RAINS , FALLING OVER DRY
LAND (X = 1 cm).

Intensity| Horizontal Vertical
of Rain, Polarization _ Polarization
mm/hp Glancing Angle, Deg.
90 60 | 30 90 60 30
1 17 24 ’ 63 18 12 —7
5 26 36 81 29 15 —17
20 27 36 ‘ 81 30 13 —15

TABLE 5: CONTRASTS OF ATy (°K) OF VARIOUS RAINS FALLING OVER A
CONIFEROUS FOREST.

Intensity .
. A .
of Rain, Glancing Angle, Deg
mm/hr |
90 60 \ 30
|
1 ~-1 —1 —5
5 —5 —7 —15
20 -—74 —389 —162

The values of ATy of rains falling over dry land, at A = 1 cm /127

are slightly smaller than over a water surface (A = 1.3 cm). This
is explained mainly by the large influence of the natural radio
emission from dry land in comparison with the radiation from water.

It is interesting to note that for rains falling over a conif-
erous forest (R2 ~ 0) at A = 3 cm, the values of AT, < 0, i.e.,
the zones of rain surveyed from above are characterized by values
of ATy which do not exceed 1 - 2° K.
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Computations of the contrasts of ATy over snow and ice (Tables
6 and 7) were made for conditions that are characteristic of winter
time in our hemisphere. The temperature of the underlying surface
was assumed equal to 268° K. Absorption in clouds was determined
by taking the temperature correction into account [1].

TABLE 6: CONTRASTS OF ATb (°K) OF SNOW FALLING OVER A SNOW SURFACE
( A =1 cm).

Intensity { Horizontal Vertical
of Polarization Polarization o
Snowfall, | Glancing Angle, deg.
mm/ hr -
%0 60 30 } 90 60 30
0,1 1 2 11 1 1 0
1 2 4 15 2 2 —2
5 10 14 50 10 5 —10

TABLE 7: CONTRASTS OF ATb (°K) OF SNOW FALLING OVER ICE ON SEA
WATER (X =1 cm).

Intensity | Horizontal Vertical
of B Polarization Polarization o
Snowfall, Glancing Angle, deg.
mm/hr . _. i R .. -
9 60 30 l 90 60 30
0,1 13 16 26 14 13 11
1 19 22 39 19 16 15
5 92 128 138 90 78 51
With a snowfall intensity of I = 0.1 mm/hr, with conversion
into water, the vertical expanse of the cloud cover was assumed
equal to AH = 2 km, and the mean water content of the dropping
liquid phase of the cloud W = 0.1 g/m3; the vertical expanse of
the zone of snowfall AHgp = 1.5 km.
With I = 1 mm/hr, AH = 3 km, W = 0.1 g/m3, AHgp = 2.5 km,

When I = 5 mm/hr, AH

1

4 km, W = 0.5 g/m3, AHgp = 3.5 km.

Since we can ignore attenuation in solid precipitations in
determining the overall absorption, the natural radio emission
from winter clouds and precipitations then is due to the dropping
liquid phase, i.e., to the water content of the winter clouds.

During observations of the zones of snow falling over an under-
lying surface of snow, the contrasts in ATb are smaller than for
the zones of rain. This is due to the smaller absorption of the
radio waves by the winter clouds and precipitations, which is not
compensated by the slightly larger natural radio emission from the
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Earth's surface, that is free of snow during the warm half of the /128

year. However the contrasts in ATy in the observations of snowfall
over ice on a water surface, in value, approach that of ATp over
clear water. The reason for this is the small natural radio emis-

sion from ice on a water surface, and the increase in absorption of
the radio waves in the liquid dropping clouds with lowering of
temperature.

The sparsity of experimental data on the reflection coefficients
R(S8,2) from a water surface with different roughness, and also from
other underlying surfaces, limits the universality of the obtained
results.

In those cases when the observations are made from the Earth,
the values of the radiobrightness temperatures of a cloud-free
atmosphere, and in the presence of clouds without precipitation
and a rain cloud cover, may be respectively computed using the
following formulas:

Tb:T_(l—e—ra)y (9)
T T (1 — ™) £ Ty (1 — ™) o™ T, (1 — ) =0, (10)

ro Ty (1= ™) T (1 — ™) e 1T, (1 — e ()4

_I_T;(l_e—ri)e—(r;“‘rf”ra)' (11)

The designations in these formulas are the same as in equations
(6) - (8). The computations (Table 8) were made under the atmospheric

conditions taken earlier for X = 0.8 cm (numerator) and A = 3 cm
(denominator).

The possibility of detecting clouds and precipitations with /129
the aid of radiometers depends not only on the contrast in ATy,
but also on the sensitivity of the receiver, the scanning time of
the basic area and the space factor Kg.

Since it is of practical interest to study the energy of the
thermal radio emission received by the antenna of the radiometer,
it is then characterized by the antenna temperature T ¢

Tant: Tb(l - B.y) nKa + Taﬁs'q + 7‘0 (1 — 7]),

(12)
where Ty 1s the brightness temperature in the direction of the
major lobe of the radiation pattern, Bg is the scattering coef-
ficient of the antenna, n is the efficiency of the antenna, T§ is
the average brightness temperature of the radiation incident on the
side lobes, Ty is the temperature of the antenna.

Usually B ~ 0.2 - 0.3 and n ~0.8. If the observations are
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TABLE 8: COMPUTATIONAL VALUES OF Ty AND ATy, (°K) OF CLOUDS AND
PRECIPITATIONS DURING OBSERVATIONS FROM THE EARTH.

Type of Cloud Angle of elevation of the antenna,Deg.
Cover and ¥nten31ty of tle % 60 30 10
Rain - R [
Stratus 29 5 | 34| 5 | 55 | 8 | 13 | 18
3 0 3 0 5 0 7 | T
Cumulostratus 28| 3 | 3+ 4 | 54| 7 | 127 13
3 0 3 0 5 0 16 o
Altocumulus 27 3 31 2 49 2 123 8
3 0 3 0 5 0 17 T
Cumulus congestus 99 | 74 | 10 | 82 | 161 | 114 | 252 | 137
11 8 12 g9 18 13 58 Y]
T = 1 nm/hr 120 | 95 | 133 | 105 | 187 | 140 | 262 | 147
12 9 14 0 23 18 65 49
I = 5 mm/hr 224 | 199 | 234 | 206 | 264 | 27 | 273 | 158
30 27 34 30 56 51 135 129
I = 20 nm/hr 273 | 248 | 73 | 25 | 273 | 226 | 213 | 158
132 129 146 143 200 195 214 198

carried out from a satellite at altitudes on the order of several
hundreds of kilometers, then in first approximation in formula
(12) we can drop the second and third terms. Then, when Kg = 1,
'Tant = 0.56 Tp and ATgnt = 0.56 AThH.

In reference [9] it was shown that the most frequently en-
countered value of Kg of the zones of precipitations for an area
with a radius of 50 km is about 0.3 - 0.4, and for an area with a
radius of 25 km, it is 0.6. Then, respectively, ATgpnt = 0.2 ATp
and ATgpt = -.4 ATy.

If the change in the antenna temperature, produced by ATy of
the clouds and the precipitations, exceeds the sensitivity of the
radiometer receiver, these atmospheric condensations wilkl be
detected.

The possibilities of detection depend also on the scanning
time of the basic area because the signal may be assumed steady,
if this time i1s equal to 2 - 3 t(here 1 is the time constant of
the receiver).

Finally, detection of clouds and precipitations will depend
substantially on the value of +the space factor Kg. Let us il-
lustrate this in the following example. Let us look at the case
when Kg = 1 and when Kg < 1. For simplicity we shall assume that
the radio emission from the underlying surface is attentuated
only by clouds. The contribution of the radiobrightness tempera-
ture of atmospheric gases to Tyn+ in the formulas will not be
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taken into account, since it will be the same for any value of Kg.

In the first case (Kg = 1)

-r
Tont— (TbE‘e el “Tye1) (1 —85)m,

(13)
where Ty g is the brightness temperature of the Earth, Ty o3 is the
brightness temperature of the clouds.

In the second case (0 < Kg < 1)

T =Rl —Kg— Ke el + 7 K] —B)n

ant (14)

From expressions (13) and (14) it is clear that the contri-
bution of the radiation to Tgnh+ is directly proportional to Kg,
which can never be said about the influence of radiation from the
underlying surface.

-T . .
Let us take e ¢t = 0.5. This represents an absorption of
the electromagnetic energy at A = 1.3 cm in rain with an intensity
of 5 mm/hr with & = 90°.

We will assume Kg = 0.35. Then Ty Ee“PCl ~ Tp £ (1 - Kg -
Ks e‘rcl), i.e., almost the same amount of energy is received from
the underlying surface in both cases and difference in the values
of Tazpt wWill be determined by the variation in the value of the
natural radio emission from the cloud cover,. Under these condi-
tions the contrast in ATyt of these atmospheric condensations on
a background of the underlying surface comprises about 20% of
that previously computed (see Table 3).

In other cases the variation in Tapt is not proportional to /130
Kg and may be determined from formulas (13) and (1u4).

At the present time some experimental data have been compiled
on the natural thermal radio emission from a clear atmosphere
and in the presence of clouds and precipitations [10]. However
the size of this material is considerably smaller than was obtained
by using the methods of active radar in meteorological targets.
No results of such experimental determinations from aircraft of
radio emission from the atmosphere and atmospheric condensations,
as far as we know, have been obtained.

The author, in conjunction with N.F. Pavlov and I.V. Korol'kov,
using a manufactured model of a 3-cm radiometer, in July 1964
began measurements of the Tp of the atmosphere from the Earth.
The measurements were made in conjunction with the MRL-1 Meteoro-
logical Radio Station which was used to search for zones of pre-

cipitations and to obtain their radar characteristics. The radiome-
ter had an antenna with a 736 mm parabolic reflector. The fluctu-
luu



TABLE 9: RADIOBRIGHTNESS TEMPERATURE OF THE ATMOSPHERE IN DIFFERENT
WEATHER (X = 3 cm)

Existence of Precipitations and
Clouds

Time
Date hr. min. §°

TH°K

June 1% | 15 10-17 00 214 i Heavy steady rain
200
139

95

o

1964 !
i

i

i

O wo

N

58 Cloud-free
14

F e
[ -]

1
June 23 | 17 00-17 55

{

i

113 Cumulus and cumulus congestus

141 cloud cover, 5 points on the scale
149

79

Aug. 5 17 20-18 4o

N
OO Wo oo

Aug. 7 12 00-14 0O 141 Cumulus and cumulus congestus
' 82 cloud cover, 5 points on the scale

78

83
146

75

69

45

130

141

OO0 WWWwWwwwoo

Aug. 18 18 30-19 05 113 Cloud-free
103

81

18

—
o oo

Aug. 12 187
182
206
133 Rain ceased, cloud cover of 10
155 . points on the scale

110

Light steady rain

16 00

[eloloNeNe Nl

| |

R e T T PR H i B - - - B e R,

ation semnsitivity of the receiver with T = 64 sec was about 1.5°. /131

As a result of measurements of the antenna temperature of
the atmosphere in different weather, we determined the brightness
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temperatures Ty. In this case we used the familiar approximation
equation

3 Tant(® —To (1—1)
T @)::_ant______. s
b k (15)

The experimentally found values of Ty are given in Table 9.
Analysis of the table shows that the values of Ty in the presence
of clouds and precipitations are greater than the values of Ty in
clear or slightly cloudy weather. On the average, of all the
measurements the contrast of the radiobrightness temperatures ATy
of heavy rain was about 80 - 110° K with 6 = 0 -10°. 1In light
rain and an angle of elevation of the antenna § = 09, AT = 75° K.
One case should be mentioned (August 7, 1964), when & negative
contrast (AT = -80° K) of an individual cumulonimbus cloud was
observed with § = 0°.

Comparison of the computational and experimental data shows
generally that they have a satisfactory agreement. It also follows
here to emphasize again the necessity of making further systematic
measurements of Ty and ATy, of the atmosphere both from the Earth
and, in particular, from aircraft.
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SEVERAL GEOMETRIC CHARACTERISTICS OF CLOUDS AND
PRECIPITATIONS BASED ON RADAR OBSERVATIONS

V.D. Stepanenko

ABSTRACT: Experimental data are presented on
the basic geometric characteristics of clouds
and precipitations: the horizontal cross sec-
tions and the vertical dimensions obtained with
the aid of the MRL-1 meteorological radar sta-
tion.

For a number of radiometeorological and other problems it is /132
necessary to have knowledge of the geometric characteristics of
clouds and precipitations such as their horizontal cross sections
and vertical dimensions.

We know that steady precipitations occupy avreas in tens,
thousands and hundreds of thousands of square kilometers, and
that cloud bursts involve several hundred or thousands of square
kilometers. However, as was noted in references [1,3,4], the cross
sections of radic echoes often occur in a smaller area of the pre-
cipitation bands, especially in detection by nonmeteoroclogical
radar stations which are characterized by a small potential.

]

For a radar station such as the
MRL-1 and other high-potential
radar stations the precipitations
which are determined by pluviographs
in the range from 50 - 70 km from
the radar station, are represen-

ted on the screens of these sta-
tions without substantial cross-
sectional distortions [21].

~
D
Qo

T T T

10

T T TTiTTT

Radio echoes from the pre-
cipitation bands, located at
large distances from the radar
station (as a result of the
curvature of the Earth, attenua-
tion of the radiowaves and radia-
tion from overhead and weakly
o reflecting parts of the precipita-
tions) as a rule, are smaller
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10 107 103 S kM2 than their real geometric dimen-
sions.
Fig. 1. Frequency of Radio Echo
Cross Sections from Precipita- Figure 1 shows the distri-
tions. bution of cross sections of 282

precipitation sources in the range
of 100 km, obtained with the aid of the above radar stations over
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the territory of the European USSR in the warm half of the year.
From this figure it is clear that in approximately 80% of the
cases the cross section of the radio echoes from precipitation
sources does not exceed 60 km?2, although individual sources are
observed with a dimension of 2500 km?2 and more.

It is interesting to look at the statistical data, concerning
the degree of closure of the plan position indicator deflectors at
the radar stations, from recordings of the precipitation bands at
various ranges.

Since in a range from 0 - 50 km, the radar stations detect
all precipitations, the ratio of the cross section occupied by
the precipitations S; to the cross section of a circle with a
radius of 50 km then represents a cross sectional space factor of
the radiation pattern Kg in detecting the precipitations from air-
craft, when the basic cross section on the surface of the Earth
has a radius of 50 km.

Some idea of the degree of closure of the plan position indi-
cator deflectors can be found from Tables 1 and 2. In them are
shown the frequencies in percents of the ratios of cross sections
occupied by the cross sections S; to the cross sections of a circle
S¢ or cross sections of rings, whose radii are shown in the tables.

0 0
So/Se > B
o~ o <t 7y Qg ~ S} @ 0] o
R KM ;’. O. O' O' = o O. O. < — %D :.5 .-.:‘ z
TABLE 1 AL A IS B N G B O e A O I
- - - . - - Ad » » 4
=] =] (=] (=) [=) (=] (=] K (=) o > o Q
SIAIAIAIA|IAIA AN ATA] 22 O
0—50 40,7122,7113,7| 4,64)4,5414,54) 4,54 — — 4,64 | 0,24 22
>50—100 [47,0134,5| 3,0(15,6 | — - -1 - — — | 0,12 | 32
SolS No. of Days
R kM - TR — with
TABLE 2 ] « 0,04 )>0,04—&(08\>0,08—0,12‘>0,12—0.16 Average Observations
100—150 \ 64 l 20 i 8 ‘ 8 i 0,042 25

The quantity So was determined by summation of all cross
sections of radio echoes from individual precipitation sources,
which are found in the selected ranges.

As it would be expected, the largest value of the degree of
deflector closure 1s observed in a radius of 50 km where the mea
value 55 = 0.24. The smallest value of the examined cases for the

e
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gree of closure is observed in a radius of 100 - 150 km, where

-— = 0.0u2,

The cross sections occupied by atmospheric condensations in the
vertical plane may be obtained by analyzing Figures 2 and 3. The
curves on these figures have been plotted as results of the radar
observations using the MRL-1, operating in a program of vertical
scanning of the antenna. To decrease the errors due to the influ-
ence of the range and the reflectivity z on the geometric dimen-
sions of the clouds we interpreted the case when clouds without
precipitations were located R < 16 km from the MRL-1 and the rain-
fall was at R < 50 km.

As we know it is the radio echoes from cumulonimbus clouds /134
which have the greatest thickness, Most often their thickness is
on the order of 5 - 8 km. The thickness of the radio echoes from
nimbostratus clouds is slightly smaller. The maximum of frequency
for them is at AH = 4 - 5 km.

Radio echoes from clouds without precipitation are character-
ized usually by double-peaked frequency curves of their thicknesses.
Here the first maximum represents a thickness of 1 km and the sec-
ond approximately 2 km.

[¢] /O
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70
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Fig. 2. Frequency of Thicknesses of Radio Echoes from Rain-Free
Clouds.
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Fig. 3. Frequency of Thicknesses of Radio Echoes from Rain
Clouds.
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THE STRUCTURE OF PRECIPITATION FIELDS IN THE UKRAINE
Zh.D. Alibegova

ABSTRACT: Several results of investigating
the character of the spottiness of precipitation
fields which occur on the territory of the
Experimental Meteorological Proving Ground in
the Ikraine are cited. The expanse and the
cross sections of individual sources of pre-
cipitation fields are computed. Analysis
showed that the greatest frequency occurs for
sources having an expanse up to 6 km (88% of
all cases). The average expanse of the spot
along the major axis is 6 km with a maximum
value equal to 22 km. Most probable are the
sources of precigitations having a cross sec-
tion up to 20 km“ (about 83% of all cases).
Sources with a cross section from 20 to 30 km?
comprise about 5%, and on the cross section of
the other gradations there are altogether
several percents of the total number of cases
of precipitation sources.

Data on the spatial.structure of precipitation regions, the /135
most probably cross sections and forms of precipitation sources,
the frequency of precipitations of one or another intensity by
gradations have great practical application; therefore, knowledge
of the characteristics of the statistical structure of precipita-
tions in these or other regions is of considerable value to us.

The expanse of the precipitation bands of different intensity
is of interest in solving problems of determining these bands with
the aid of radiometric instruments.

In the 1920's, I.I, Kasatkin was concerned with the study of
regions of isochronal precipitation over the territory of Moscow
and its environs [4]; however, the greatest interest in the pro-
blem of investigating the structure of the precipitation field
began to appear with the appearance of new observational methods
(radar, aircraft, satellite).

A number of papers have appeared on studying the character of
the spottiness of the precipitation field in Valday and in the
Ukraine, in regions which are most thickly equipped with meteor-
ological stations and posts [3,5,61].

There exist some data on the structure of the precipitation
field in the Northwest part of the European USSR and in the Asiatic
USSR [1,2,7,8]; however, the majority of the above papers have
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been involved in the study only of the structure of cloudbursts.

The accuracy of the observations of precipitation bands depends
on the sensitivity of the measuring instruments and also on the
sizes of the bands and the intensity of the precipitation in these
precipitation bands.

Which characteristics of the structure of the precipitation
field will be determined by the measurement instruments and which
characteristics will be found from the field of its influence?
What distortions will be obtained at different scales of averaging
by cross section? These are the questions which are of interest
to us.

In the present paper in which we give several preliminary re-
sults of investigating the spottiness of the precipitation field
in the Ukraine, we used pluviographic recordings of the path of the
rains determined by the stations and posts of the Experimental
Meteorological Proving Ground.

As has been noted, previous investigations on the character of
the spottiness in these of other regions of the USSR were made
basically either by using radar methods (in this case, in view of
the limited resolving power of the measuring instruments, virtually
no information was obtained on the precipitations of small inten-
sity), or the characteristics of the precipitations were averaged

for long periods of time. We made an attempt to Investigate the /136
spottiness of the precipitation field at 1l5-minute intervals of
time. Moreover, as certain of our computations showed, we can never

ignore rains of small intensity.

Computation of the freguency of precipitations of various in-
tensity by gradiations for several points of the European USSR (in
percents of the time of precipitation of all rains for the summer
season) showed that the greatest- frequency was for cloudbursts, and
for low-intensity precipitations. In 90-95% of the time for all
precipitations in the North-west part of the European USSR, their
intensity was 0 - 3 mm/hr. In Moscow the frequency of precipita-
tions with an intensity of 0 - 3 mm/hr was 86% and in Poltavo, 81%.

In themselves these values are large, but the difference bet-
ween them is high. This is explained by the fact that in Moscow
(center of the European USSR) and in Poltavo (Ukraine) the frequency
of precipitations with an intemnsity of 3.1 - 10 mm/hr is high (12 -
13% versus 5% in the North-west part of the European USSR).

As far as the intensity of precipitations greater than 10 mm/hr

is concerned, in the North-west their frequency 1s only 1 - 2%,
although it is true that in the South of the European USSR their
frequency increases to 6 - 7%, i.e., in the Ukraine the number of

cloudbursts is high.
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The low-intensity precipitations alsoc make a significant con-
tribution to the overall total of all precipitations. Thus, in Len-
ingrad, for the warm half of the year, about 300 mm of precipitation
fall with an intensity of 0 - 3 mm/hr and about 150 mm with an inten-

sity of 3.1 - 10 mm/hr.

In Moscow the contribution of low-intensity precipitations is
also high (190 mm versus 100 mm of precipitations with an intensity
of 3.1 - 10 mm/hr). In Poltave the number of cloudbursts is high
and thus the contribution which they make to the total precipitations
is also. Here about 130 mm of precipitation fall with an Intensity
up to 3 mm/hr and about 100 mm with an intensity of 3.1 - 10 mm/hr

and higher.

The region of the Experimental Meteorological Proving Ground
which we selected for studying the character of the spottiness of
the precipitation field is due first of all to the significant num-
ber of networks of stations and posts and secondly because the spot-
tiness in regions such as Crimean Steppes, the Ukraine, the Urals
and the Northern Caucasian Steppes 1is expressed most strongly, the
precipitation sources are small and the correlation bonds between
the values of the precipitations at the various points drop rapid-

ly.

We charted the individual moments of rains occuring in the
Ukraine and found 497 sources (taking into account those sources
whose reality was confirmed by pluviographic recording of the path
of the rain wven though this occured only at a single station) and
197 spots, whose reality was confirmed directly by two or more

stations.

TABLE 1: FREQUENCY OF SPOTS OF DIFFERENT EXPANSE BY GRADIATIONS
(% OF THE TOTAL NUMBER OF CASES)

[ £ o 2 =4 < [7)
~ © ~ 1 Y © [0}
| i —
™ —~ E — B - E | ow E%;%
vi . X - o x| 5 o
™ (o] — A =
Reality of spot confirmed
by even one station 22 49 22 6 1 hg7v
Reality of spot confirmed
by two or more points 68 20 9 2 1 197

As we can see from Table 1, the greatest freguency is for pre-/137
cipitation sources with an expanse up to 6 km (88% of all cases),
and for sources with an expanse greater than 10 km, it is only

several percent of the sources which occur.
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The average expanse of the spot along the major axis is 6 km
with a maximal value equal to 22 km.

Unfortunately, we must mention that all computations have been
made without reference to origin of the precipitations. In the
future a study will be made of the spottiness of the precipitdtion
field taking into account the origin of the precipitations, the
physico-geographical conditions of the region and the synoptic
situation.

In addition to the expanse of the precipitation sources, we
also computed the cross sections, simultaneously encompassed by rain,
The cross sections were computed from the formula S = 7 ab, where
a and b are the major and minor semiaxes of the precipitation sour-
ces.

The shape of the spots was assumed to be elliptical, since in
charting the individual moments of rains at 1l5-minute intervals,
basically the shape of the precipitation sources had the form of a
slightly elongated ellipse.

Analysis of Table 2 shows that sources with a cross section up
to 20 km? (about 83% of all cases) are the most frequently encount-
ered ones, and the maximum (B4.5%) is for sources with a cross sec-
tion up to 10 km?. Spots of precipitations with a cross section
from 20 to 30 km? comprise about 5% of all spots, and for cross
sections of other gradations only several percents of the total
number of cases involve sources of precipitation.

TABLE 2: FREQUENCY OF PRECIPITATION SOURCES OF
DIFFERENT CROSS SECTION

Cross section, km? <10 10-20 20-30 30-40 40-50 50-100 >100
Frequency, % of all
cases of precipita-

- 64.5 13.8 5.1 2.8 2.1 3.5 2.5
tlon sources E

The mean cross section of the spots was on the order of 15 km?
with a minimal value of 3 km?2 and a maximal value of 276 km?2,

The computations which we made permit us to make the following
conclusion.

For the territory of the Ukraine and regions which are similar
to it in physico-geographical conditions, comparatively small pre-
cipitation sources are characteristic. Most probable are spots with
an expanse up to 6 km and a cross section up to 20 km?

155



156

REFERENCES

Anchugova, R.A. and T.I. Morozova: 0 vremennoy i prostranst-
vennoy izmenchivosti livnevykh osadkov po dannym radiolokat-
sionnykh nablyudeniy., (Time and Space Variations in Cloud-
bursts Based on Data from Radar Observations). Trudy Main
Geophysical Observatory, No, 186, 1966.

Bogomazova, Z.P. and Z.P. Petrova: Issledovaniye vydayushchi-
khsya dozhdey Severo-Zapadnogo rayona ETS 1 ikh zavisimosti
ot ploshchadi rasprostraneniye. (Investigation of Rainfall

in the North-West Region of the European USSR and its De-
pendence on the Cross Section of Propagation)., Trudy Mining
and Geological Instiute, No. 1 (55), 1947.

Bogomazova, Z.P. and Z.P. Petrova: Issledovaniye vydayushchi-
khsya dozhdey no territorii USSR, ikh khoda i rasprostraneniye
po ploshchadi. (Investigation of Rainfall in the Territory

of the UkrSSR, its Path and Propagation by Cross Section).
Trudy Mining and Geological Instiute, No. 6 (60), 1948.

Kasatkin, I.I.: Klassifikatsiya dozhdey. (Classification of
Rains)., Met. vestnik, No. 3, 1925.
Muchnik, V.M.: Obnaruzheniye groz radiolokatorom po dannym o

maksimal'noy intensivnosti dozhdey. (Detection of Thunder-
stroms by Radar from Data on Maximal Rain Inten%ity).
Meteorologiya i gidrologiya, No. 10, 1963.

Muchnik, V.M.: DNekotoryye radiolokatsionnyye khrakteristiki
livney i groz. (Several Radar Charcateristics of Showers
and Thunderstorms)., Trudy Central Aerological Observatory
No. 20, 1958.

Petrova, Z.P.: Livni na Aziatskoy territorii SSSR. (Showers
on the Azian Part of the USSR)., Trudy Mining and Geological
Institute, No. 1(55), 19u47.

Sal'man, Ye.M.: Radiolokatsionnyye issledovaniya struktury
livney i groz. (Radar Investigation of the Structure of
Showers and Thunderstorms)., Trudy Main Geophysical Obser-

vatory, No. 72, 1957.




POSSIBLE ERRORS IN ABSOLUTE MEASUREMENTS OF
RADIO EMISSION

Yu.I. Rabinovich, G.G. Shchukin and V.G, Volkov

ABSTRACT: A detailed study is given of the
influence of various factors on the accuracy
of determining the radiobrightness tempera-
ture and an estimation of the total error in
measuring the radio emission from a water sur-
face, using an aircraft radiometric instrument
at the A = 3.2 cm band. Methods of calibrating
the radiometric instrument and reproducing the
radiobrightness temperature based on the known
antenna temperature are examined. It is shown
that the greatest accuracy in measurements may
be attained by calibrating the instrument
according to the natural microwave radiation
from a uniform water surface.

One of the important problems in thermal radar measurements is/138

that of evaluating the accuracy of determining the radiobrightness
temperature of the received radiation. This accuracy depends on a
number of factors including especially the parameters of the anten-
na-feeder circuit and the characteristics of the receiver. More-
over, the methods used to calibrate the instruments and to make the
measurements and the interpretations have considerable influence.

The purpose of the present article is to make a detailed study
of the influence of these factors on the accuracy of reproducing
the radiobrightness temperature and evaluate the total error in
applying it to measurements of radio emission from a water surface
using aircraft radiometric instruments in the A = 3.2 cm band. The
sensitivity of the radiometer is 1.5° K with a time constant of T =
1l sec.

Determination of the radiobrightness temperature of the surface
to be investigated using hhe thermal radar instrument can be con-

ditionally divided intc two operations: determination of the anten-
na temperature and the conversion from antenna temperature to radio-
brightness temperature. The errors which creep into the measure-

ment process can also be conveniently studied in such a sewuence.
Generally the following sources of error exert an influence on the
accuracy of measuring the radiobrightness temperature:

(1) Accuracy of determining losses in the antenna-feeder cir-
cuit;

(2) Accuracy of determining the scattering coefficient of the
antennaj
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(3) Accuracy of maintaining and determining a zero level for
the radiometer;

(4) Accuracy of determining the temperature of the exciter dur-
ing calibration;

(5) Errors in recording measurable values and. taking the read-
ings from the tape of the recording instruments.

1. Determination of Antenna Temperature

The antenna temperature of the radio emission at the input of
the receiver Ty is associated with the temperature at the output of
the antenna Ty by the following equation:

T1:Ta(1—T)+TOT7 (l)

where y are losses in the antenna-feeder circuilt.

Consequently, in order to determine the antenna temperature it
is necessary to know the losses 1n the antenna-feeder circuit. These
losses can be accounted for by two methods: (a) preliminary mea- /139

surements of the losses 1in the antenna-feeder circuit and then tak-
ing them into account; or (b) by eliminating the influence of the
losses in the antenna-feeder circuit by calibrating the instrument
directly at the input of the antenna exciter.

It is more convenlent to use the second method, since the first
requires a high measurement precision. At the present time the mea-
surement precision of losses in the centimeter band is * 0.1 db,
which represents an error in the determining the radiobrightness
temperature of approximately * 7° (when Tg = 300° K).

If the second method is used, determination of the wvalue of
the radiobrightness temperature is reduced to comparing the useful
signal at the input of the reciever with the signal from some stand-
ard source. Since the useful signal enters the receiver through
the antenna-feeder circuit, the standard signal must also pass
through this circuit,.

In the described instrument, in the measurement process of

the radiobrightness temperatures, a periodic calibration is auto-
matically made for the zero point of the scale, i.e., the point at
which the antenna temperature is equal to the temperature of the
"cold" standard, by eliminating modulation from the commutator and
hooking up a matched load with a temperature Ty to the input of the
receiver. It is obvious that in the absence of modulation, i.e.,
when the coefficient of medulation is equal to zero, Ty = Tq.

To calibrate the height of the scale at the effective point,
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noises from a GSh type gas-discharge tube are connected through the
directional coupler to the input of the channel. 1In this case at
the antenna input the temperature rises to the value AT, and the
voltage at the output of the radiometer is increased to a value AE.
The height of the scale S will then be

AE
STF V/deg. (2)

If we assume that the scale of the radiometer is linear, then
the zero point and the height will determine the entire scale. The
value of the calibrated signal T, will be practically constant iIn
time, however as a function of the amplification factor there will
correspond to it different readings expressed in units of length of
the scale of the output instrument. A sample of the recordings of
antenna temperature is shown on Figure 1. Obviously the antenna
temperature is determined by the following equation:

Ty =Ty~ T+ (3)
Hence the calibration signal will be
o To—Ta
r, - o Ty, (4)
To-Ta . . s .
where 1 is the height of the scale of the recording instrument

in deg/mm, Tg is the temperature of the "cold" standard, 1 is the
linear segment of the scale, representing the difference in tempera-
tures Tp-T5, k is the segment of the scale representing the increase
in the signal from the "hot!" GSh standard.

The instrument can be calibrated, i.e., the value of the cali-
bration signal T, can be determined, before installing the instru-
ment on the aircraft. The radio emission from the atmosphere is
used for this purpose. The antenna, along with the waveguide cir-
cuit, is placed into a metal shield and directed to the zenith with
a known radio brightness temperature. The dimensions of the shield
are chosen in such a way that reception i1s guaranteed of radiation /140

at an angle corresponding to the main lobe of the radiation pattern
of the antenna, by screening the effect of the back and side lobes.
The aperture of the shield must comprise no more than 60-80° in the
range of which the radiobrightness temperature of a cloud-free at-
mosphere may be assumed constant in the 3-cm band [4]. Thus, using
the metal shield and by directing the back and side lobes of the
antenna system to the region of the sky with a known radiobrightness
temperature we can calibrate the radiometer and assume that it 1is
reduced to the input of the exciter. Figure 2 shows the radiation
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pattern of an antenna with a shield and without. Simultaneously
with the calibration of the instrument it is necessary to determine
the meteorological characteristics of the atmosphere for computing
the radiobrightness temperature of a cloud-free sky.

_ A second method which

< 13h45m is feasible under ground .con-
ditions 1s to calibrate the
radiometric instrument by

the nitrogen load. In this
case, the matched load at

the temperature of liguid
nitrogen 1s connected direct-
ly to the exciting horn of

the antenna. To make the
calibration it is necessary

to have a precise measurement
of the losses in the feeder /141
: w798 ohm circuits, connecting the stan-
To 7 dard load to the antenna ex-
citer.
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The radiobrightness temp-
erature of the radiation, fed
to the input of the exciter
can be computed from the
formula

!

r = 99 rar7 Tpi = Tpin + Tge(l-n), (5)

where Téi is the radiobright-
ness temperature of the nitro-
gen load, T_ . is the tempera-
ture of the surrounding at-
13h45m mosphere, n is the efficiency
of the feeder circuit, Tpi is

. the t f th i tro-—
Fig. 1. Sample of Recording of An- e emp§rat?re © ¢ nitro

. gen, taking into account the
tenna Temperature. Caspian Sea, . .
D b 59 . 1966 losses which occur in the
ecember ? ' ’ matched load. When the stand-

ing water ratio is equal to

unity, this temperature is equal to the physical temperature of
nitrogen 77° K.
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For the ground experiment, computation of the calibration sig-
nal is made from Formula (%) in which Tg = Tai. In the case of
aircraft measurements, 1t is necessary to again consider the losses
in the radio-transparent deflector

Te = — (6)
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where ni is the efficiency of the deflector, T¢ is the value of the
calibration signal taking losses in the deflector into account.

A third method used in

a) aircraft conditions is the de-
termination of T, from the
radio emission of a water sur-
face. To do so, several flights
are made over a uniform water
surface with a known physical
temperature at a minimally at-
tainable altitude (100 m). To

b) make the calibration it is
necessary to know the value of
the radiobrightness temperature
of the water surface which 1is
determined from computational
data. Using the computations

L:—:{E Shield

Radiometer the radio emission of the at-
mosphere is also determined.
Fig. 2. Structure of the Antenna The obtained computational val-
Radiation Pattern. a - without ue of the radiobrightness temp-
Shield; b - with Shield. erature of the water surface,

allowing for back radiation

from the atmosphere, is taken
equal to the antenna temperature. Further computation of the wvalue
of the calibration signal can be made using Formula (u4).

Let us look at the advantages and disadvantages of these methods
of calibrating the radiometric instrument.

Calibration from the nitrogen load is of greatest interest, /142
since 1t permits determining the calibration signal by a completely
independent method. However, in measuring the absolute values of
the radiobrightness temperature from a water surface a large error
is introduced into the antenna temperature determined from T.. This
is caused by the low accuracy of the radio engineering measurements
of the losses in the supplementary circuit, connecting the nitrogen
load to the exciter; the measurement precision, as noted above, does
not exceed *0.1 db.

The methods used to calibrate from radio emission of the atmos-
phere or a water surface have a high accuracy, which is determined
only by the errors in the computational methods.

The errors in determining the antenna temperature can be esti-
mated by using the basic Equation (3). After taking the logarithm
of it and determining the differential by converting to finite in-
crements, we obtain an expression for the relative error in deter-
mining the antenna temperature
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ATy 1 . AT¢ 1 | 1 (Al AR
To -~ L T T, T T, (T#T)
AT, ek o 7
Ta 1777 ' (7)
[Ty
Teg ° -
ATg . \ . ..
where T is the relative error in determining the temperature of
AT
the '"cold" standard, ﬁrg is the relative error in determining the
c
. . . Al Ak .
value of the calibration signal, S are the relative errors

in determining the linear dimensions of the scale of the recording
instrument, corresponding to the difference in temperatures Tg-Tg
and the increase in the "hot" standard T..

With respect to the fact that the linear dimensions of 1 and k
were chosen as practically the same (Fig. 2) and bearing in mind
that the errors in Al and Ak, determined by the accuracy in taking
the readings from the tape of the recording instrument, are equal
(about 1 mm), expression (7) takes the form

AT, 1 AT 1 A 2

ATn: Ty Tc TC‘E _T—ﬁ)‘ (8)
I :

T L
Te  To

The error in determining the temperature of the "hot" standard
using a standard resistance thermometer is 0.4 + 0.2°.

The value of the calibration signal is determined, according
to [1], from the formula

To= s (T~ T, (9)

where T, is the electron temperature of the discharge, comprising
approximately 15,000-20,000° K, ¢ 1s the coupling coefficient of
the gas-discharge tube with the noise generator, o is the attenua-
tion factor of the attenuator (ratio of incident power to emitting).

Since T, >> Ty and the value of Ty during flight varies only
in the range from 20 to 25° K, we may assume the value T, to be
constant in time. Consequently, the error in determining T, is de- /143
termined only by the accuracy of the method used to calibrate the
instrument.

In determining T, from the radio emission of the water surface
a considerable error may arise in allowing for the emission coeffi-
cient from the water surface, since there are not sufficient re-
liable data available for the various temperatures and salinity of
the water. The scatter of data in the emission coefficient is about
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0.005 which leads to an error in determining the antenna tempera-
ture of about 1.5°.

We can also determine T, from atmospheric radiation, because
here in the various states of a cloud-free atmosphere the radio-
brightness temperature of the zenith region of the sky varies in a
range from 3-5° K. However, since in this case the antenna temp-
erature itself is small, the errors in the measurements will increase.

Taking the above into account we can evaluate the relative
error in determining the antenna temperature as a function of the
method used to calibrate the instrument by the following values
(Table 1):

TABLE 1
Calibration Method Relative Error, %
From the nitrogen load 10.0
From the radio emission of the atmosphere 7.0
From the radio emission of the water surface 5.0
2. Determination of the Radiobrightness Temperature

from a Known Antenna Temperature

In the aircraft radiometer the pencil-beam antenna is of mir-
ror type. In addition to the basic lobe, the radiation pattern has
side lobes, therefore the antenna temperature at a given radio-
brightness temperature of the investigated surface and background
will represent the total radiation received not only from the re-
gion of the main lobe of the pattern but also from a wider zone,
in the general case comprising an angle of 4m ster.

With a known radiation patternl F(6,¢) and brightness distribu-
tion Typ(6,¢) the antenna temperature is determined by the following
equation:

- Sefp ¢
7"y (%, %0) :—XT) j 70, 2 F(0-=0,, 2 -ey)sinldids, (10)

4 =

where S, is the reception cross section of the antenna, 65, ¢g is
the direction of the maximum of the radiation pattern of the antenna.

However, in practice the brightness distribution TLH(6,¢) is
unknown, and the radiation pattern F(8-8g5, ¢-¢p) is known with a

1l 0On the strength of reciprocity theory [1], the radiation pattern
of the antenna at reception is identical to the pattern at the
transmitter.
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known confidence, since it is plotted only in two planes, and the

level of the long-range side radiation is often found to be lower

than the sensitivity of the instrument. Therefore, the important

characteristic of the antenna is the evaluation of the integral

current of side scattering to a certain solid angle. Usually for

evaluation of this value we introduce the scattering coefficient /14y
Pside

Bo = o , equal to the ratio of the power of Pgide radiated by

the antenna outside the solid angle  of the main lobe of the radia-
tion pattern to the entire radiation with a power of Pg. Obviously
the relationship between the coefficient Bp and the radiation pat-
tern of the antenna F(0,¢) has the form

ffl“ (0, ¢)sin B a8 do

fo—1 (11)

C[[F® ¢)sinbatay
in

With a strictly given function F(8,¢) the amount of power scat-
tered outside the solid angle of the main lobe i1s uniquely figured
according to expression (10). Then for the measured microwave radi-
ation with a radiobrightness temperature Ty located on a uniform
background with a radiobrightness temperature Tg, the antenna tem-
perature will be egual to

Tﬂ:Tbk(l —B) -+ Tgb. (12)

However, in practice, it is impossible to compute the precise
determination of the function of the radiation pattern for all angles
over the entire sphere. Nevertheless we can, after analyzing the
basic factors influencing the distribution of the scattered energy
in space for typical antennas, and without knowing in detail the
radiation patterns, estimate the value of the power scattered out-

side the effective angle.

Let us look at the basic factors influencing the distribution
of emitted power in the wave band of the mirror antenna:

(a) The type of amplitude distribution in the antenna aperture
for a given wave length X:

(b) Radiation of the exciter of the antenna mirror outside the
angle of irradiation of the mirror aperture;

(c) Radiation of the diffraction currents near the edge of the
mirror;

(d) Scattering of the radiation in the design elements of the
antenna and structure of the antenna carrier.
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The size of the antenna aperture and the type of the amplitude
distribution in the aperture determine the spatial distribution of
the basic amount of irradiated power at the solid angle near the

normal to the antenna. Computation of this distribution is made
by integrating for the aperture; therefore, ususlly the distribution
of the obtained field is called an aperture distribution. Let us

figure what part of the irradiated power is included in the solid
angle of the investigated surface, formed by the cone 6, which rep-
resents the angle between the normal to the aperture of the antenna
and the direction to the boundary of the investigated surface, if
the center does not lie on the normal:

©0

" F (0) sin 0 46

LI

G ()= _—

F (0)sin 0 40

(13)

ot— 3 ©

In the case of extended surfaces, which occur with measurements
of the water temperature G(Q) = 1.

The amplitude distributions in the aperture of the mirror an-
tennas depend on the radiation pattern of the irradiating instrument.
With irradiation of the mirror a part of the irradiated power is
scattered outside the solid angle, which occupies the mirror of the
relative phase center of the exciter. The current of radiation scat-
tered by the horn, unlike the aperture scattering, is concentrated /145
in a rather large solid angle, adjacent to the back hemisphere.

A more complex problem is that of evaluating radiation from the
mirror due to diffraction currents on the illuminated and the shaded
parts of the mirror, irradiated by the spherical front. We can ap-
proximately evaluate the value of the edge currents, if we sum the
radiation from the exciter at the solid angle, which is equal to the
cross section of the diffraction currents scaled to the square of the
distance to the exciter.

The scattering of the electromagnetic energy on the structural
elements, incident in the current of radiation (exciter, supports,
face of the carrier, etc.) may be high. The power scattered on the
structural elements 1s concentrated in wide solid angles near the
direction of the mirror reflection of the beams from the structural
elements. Most often these angles pertain to the front hemisphere
of the antenna.

This analysis of the individual factors which influence the
scattering of energy permits evaluating the radiobrightness temper-

atures from a known antenna temperature.

For an antenna located below an airplane, when all scattering
in the rear is converted to thé front hemisphere in the case of the
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investigated extended surface, for which @ >> ng, we obtain the
following expression:

Ty=(1 — Bo) Tpt Tgho- (14)

Thus, the coefficient G(Q) represents the characteristics of
the directed radiation, but Bg characterizes the undirected radi-
ation of the antenna system.

As shown above, in our case G(R) = 1 and the value of By is
determined by the scattering of the exciter and diffraction on the

edges of the mirror.

It is possible to experimentally determine the scattering out-
side the main lobe of the radiation pattern by using hhe method of
artificial sources of radiation, which was described in detail in
f21. As such a source we used a disk of the ebsorbing material,
black rubber with notches, the emission cocefficient of which is ap-
proximately 0.96 - 0.98 (Fig. 3). The angular dimensions of the
"black" disk were chosen equal to the angular dimensions of the main
lobe of the radiation pattern of the antenna to decrease the diffrac-
tion correction. To eliminate the effect of radiation from the Earth's
surface we used the metal shield described above.

The measurements were made in the following sequence: (a) by
computation we determined the radiobrightness temperature of the
atmosphere T4 in the direction to the source and made a recording
of the antenna temperature T; at the scale of the recording imstru-

ment

Ty =Ty —§) 4 Tgh. (15)

The background was the atmospheric radiation received at the side
lobes of the radiation pattern of the antenna; (b) we set up an ar-
tificial source and made the recordings of the antenna temperature

T, on this same background
ff=1D0-By+7é& (186)

To decrease the mean square error we made a series of such
measurements.

From the obtained formulas it is easy to determine the coeffi- lue
cient of scattering
To—T4

S (17)
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where T, is the radiobrightness temperature of the '"black'" disk

Ty, - T1 is the difference in antenna temperatures with the disk and

without, determined from the tape of the self-recorder using the
calibration signal T, of the
noise generator.

As a result of the measure-
ments we obtained the average
value of the scattering coefficient
as 0.22.

Under aircraft conditions we
proved the values of the measured
scattering coefficient of the
antenna. To do so the flight was
carried out according to the fol-
lowing method. In the region of
the Caspian Sea, a flight was
made over a sandy island, and the
altitude H and the flight velocity
v in determining B were chosen
based on the equation

A)C:‘—‘O[_[+37)'t (18)
Fig. 3. Schematic of the and
Measurements of the Scat-
tering Coefficient of the @gg%ﬁ’
Antenna. T

where 6 is the width of the radiation pattern of the antenna, T is
the time constant and Ax is the size of the island.

The scattering coefficient was computed from the formula

To—T
§o-1-. f2=l1 19
Ti— Ty ( )

where Ty, = T; (1 - B) + TgR, Ty + Ty (L - B) + TgB; Tj and Ty, are
the computed values of the radiobrightness temperatures of the sandy

island and the sea water.

The obtained data of B is found to be in the range from 0.1l4 /147

to 0.23. Hence it 1s obviocus that the measurement method of the
scattering coefficient of the antenna in the aircraft conditions has
one significant disadvantage: the value of B is fully determined by
the values of the emission coefficients of the water surface and the
sandy surface of the island, which are known with low accuracy. This
leads to significant errors in determining B. Moreover, under real
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conditions, the choice of suitable objects (islands) is difficult
for measuring B (located completely in the main lobe of the radi-
ation pattern of the antenna).

Let us look at the contribution of each component of the radi-
ation pattermn.

In the first side lobes approximately 5 - 8% of scattered energy
is concentrated; the diffraction of the edges of the mirror of the
antenna is 2 - 4%, and the scattering on the exciter is equal to
approximately 8 - 10%. Since the antenna has a linear polarization,
We may assume that half of the nondirected irradiated power possesses
a horizontal polarization and half a vertical. Consequently, about

14% of the scattered power belongs to the radiobrightness temperature
which is practically equal to Ty of the investigated surface.

Evaluation of the error in determining the radiobrightness tem-
perature can be made, proceeding from the basic equation (12). Con-
verting it, we obtain an expression for the radiobrightness temper-

ature
. T;,——Tg_"f
ly= =% (20)

After determining the differential of the logarithm of this
expression and converting to finite increments, we obtain the fol-
lowing formula for the relative error in determining the radiobright-

ness temperature

Ty 1 Mg 1 m 1 &
ATy . Ta Tgp  Tg Ta £ 7y 3
S R T tT o
Tg3 Ta 5 (21)
AT
where is the relative error in determining the radiobrightness
g
temperature of the background, é% is the relative error in determin-

the scattering coefficient of the antenna.

The relative error in determining the antenna temperature de-
termined in the previous paragraph is included in formula (21).

As a result of the computations we obtained the following values
of the relative error in determining the radiobrightness temperature
of the water surface (Table 2):
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TABLE 2

Calibration Method ATHL/TpH%
the nitrogen load 15.5
the radio emission of the atmosphere 11
the radio emission of the water surface 9
The obtained result shows that even with the best method of /148

bration for the radio emission of the water surface (fresh water
a known temperature) the error is approximately 9%, which with
diobrightness temperature of the water at about 110° K, gives
bsolute error of 10°. This means that the available methods of
brating the instrument and the determining the basic character-
cs of the instrument (sensitivity, scattering coefficient of
antenna and losses in the antenna-feeder circuit) do not permit
rmining the radiobrightness temperature and frem it, the temper-
e of the water surface with any rational degree of accuracy.
ificantly better results are given by relative measurements in
process of which the results are tied in at individual segments
he measurements to the real temperature of the water determined
independent infrared or maritime measurements. The evaluations
he errors obtained in this case on the experimental data are
n in [3] and confirm the possiblity of using radiometric instru-
s the temperature mapping of the water surfaces, although the
racy of the thermal radar measurements are still not as good as
infrared measurements.
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RADIO EMISSION FROM CLOUDS AND PRECIPITATIONS
Yu. I. Rabinovich, G.G. Shchukin and M.M. Chernyak

ABSTRACT: The radio emission from clouds and
precipitations in the microwave band gives sub-
stantial contrast in comparison with the radia-
tion from a clear atmosphere, which can be
easily detected. In this respect, this article
investigates the methods of aircraft measure-
ments of radio contrasts of cloud cover and
precipitations over a water surface. A com-
parison is made of the experimental data of
radio emission and theoretical computations

for two wave lengths: 0.8 and 3.2 cm.

Determination of the characteristics of large cloud formations
and the detection of precipitation bands based on their radio
emission is a unique possible method of solving this problem using
satellite meteorology. This is especially important for detecting
precipitations and determining their intensity over water areas of
the Earth which are poorly known in meteorology. Knowledge of the
location of bands of cloud cover and precipitations and their
movements with time yields considerable data for predicting weather
on a global scale [1].

The radio emission from clouds and precipitations in the
microwave band gives a substantial contrast in comparison with
radiation from a clear atmosphere, which may be easily detected.

In real cases of cloud formations and precipitations the optical
thickness 1 is less than 0.5 and the probability of photon survival
A < 0.1, Under these conditions, as shown in [2], we can ignore
the contribution of multiple scattering and the radiation transfer
equation will have the following form:

[(,c’ 6):/Oe—r»seco +B<1 _ e—tsec O)T,—Bx (1 Ne—-'\.SQC f))e—‘.scc o‘ (l)

Converting from intensities to radiobrightness temperatures,
we find

sz(l —R) Tse_”eco _I_.T<1 — e~ sec 0)+RT (1 g o)e—:sec 0Y (2)

where Tg is the temperature of the underlying surface, T is the
temperature of the atmosphere in which the transfer of radiation
occurs, T is the optical thickness of the layer, 6 is the angle
between the ncrmal to the layer and the direction of sighting, R
is the reflection coefficient of the underlying surface.
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Since the stratiform clouds and the precipitations of low
intensity have optical thicknesses T, which do not exceed 0.2,
and A~ 0.02 - 0.04, the computations of the transfer of microwave
radiation may be done from formula (2). Tables 1 and 2 give the
computational data on the contrasts of cloud cover and precipita-
tion on a background of a water surface. The computations were
made for the real meteorlogical characteristics of the atmosphere
and the underlying surface, which were obtained in experimental
flights. For comparison of the computations with the measurements
we used the results of four flights in which the radiobrightness
temperature of the clouds and precipitations was measured. In the
comparisons we computed and experimentally determined the increase
in radiobrightness temperature due to cloud cover and precipitations
with respect to the radiobrightness temperature of the underlying /150

surface with a cloud-free sky

ATb =Ty c1 ” Tb atm’ (3)

TABLE 1: RADIOCBRIGHTNESS CONTRAST OF PRECIPITATIONS

October 12, 1966 December 26, 1966
Baltic Sea Sea of Azov
Type of Cloud Cover: 10 b Ns 10 b Frnb
Hi.p.= 200 m, Hy.,p.= 1800 m Hy . p.= 250 myHy,p, = 350 m

10 b As 10 b Ns

Hy y = 400 m, Hy,p, = 5200 m Hi.p. = 350 m,Hy.,pb. = 3850 m
Ti.b. = 254° K, Ty,b. = 251.6°K T;,p. = 282° K, T,.p. = 257.2°K
Precipitations: intensity 1 mm/ln Intensity 1.5 - 2 mm/hr

T water = 278° K T Water = 283° K
Wave

length, ) ATy deg. o ATy dgg o

cm Theoretical | Experimental Theoretical | Experimental
0.8 43.0 41.5 96.6 105.0

3.2 4.0 9.0 5.0 15.0

Let us briefly look at the method used to measure cloud cover
and precipitations for which we used the radiometric instrument
of the 0.8 and 3.2 cm bands described in [4].

The flights were conducted in regicns where the boundary of
the cloud cover passed. Thus, over one and the same underlying
surface we made measurements both in a cloud-free sky, in cloud
cover and 1in precipitations. The water surface of the lakes and
seas served as the underlying surface. By taking into account
the small variability in the water temperature at some distance
from the shore, using this method we can obtain the values of the
increase in radiobrightness temperature due to the clouds and
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TABLE 2: RADIOBRIGHTNESS CONTRAST OF CLOUD COVER

October 10, 1966 December 26, 1966

Lake Oneiga Sea of Azov

Type of Cloud Cover: 10 b Sc 10 b Sc

Hi.p.= 110 m,Hy.b. = 3000 m Hy.,p. =650 m, Hy,_ p. = 2200 m

T1.b. = 267.7° K, Ty.b. =256.1°K Ty .,p, = 277.3°K, Ty.b. = 2B9°K

T water = 279° X T water = 2839 K

Wave

length, ,,A?b,qéilA__-Al‘_wﬁ-k,_é_“,“ A?P.d?%_._A__,_ﬁ‘,__
cm Theoreticall‘Experimental Theoretical JExperimental
0.8 24.5 26.0 13.0 15.0
3.2 2.5 2.0 2.0 L.o

precipitations. To determine the altitude of the upper and lower

edges of the cloud cover and the distribution of temperature and
moisture content with altitude before the beginning and end of the
measurements, we made a vertical sounding of the atmosphere. More- /151
over, detection of the heavy cloud cover and the precipitation

bands were made using aircraft navigation radar.

On the basis of the aircraft measurements of radio emission
of clouds and precipitations made in 1967, Table 3 has been compiled
which contains the increase in ATy due to different types of cloud
cover and precipitations.

TABLE 3:

Type of Cloud Intensity of

prover Precipitations ATp deg B

mm/hr A = 0.8 cm A = 3.2 cm

ci,Cs ~ 2-5 0.0

Cu cong. ~ 15-45 2.5-7.0

Sc - 26.0 2.0
As,Ac ~ 15.0 b.,0

Cu -~ 7-12 2-4
Frnb,Ns,Ac 1 55.0 6.0

St fr.,As,Ac 1.5-2 100.0 20.0
Ns,As,Ac 2-3 110.0 45,0

As is obvious from Table 3, the maximum values of ATy were
obtained for large nimbostratus clouds and the minimum values for
clouds of the upper level. With an increase in the intensity of
precipitations the radiobrightness contrast ATy also increases.
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It is interesting to compare the results of aircraft measure-
ments of the bands of cloud cover and precipitation of different
intensity with the computations made on the basis of meteorological
measurements on Earth and from aircraft. Comparison was made for
four cases, of which two include precipitations, and two, cloud
cover. The results of the comparison are given in Tables 1 and 2.
Here also are shown the meteorological characteristics of the
atmosphere, the cloud cover and the precipitations according to
aircraft measurements: Hy p, is the altitude of the upper boundary
of the cloud cover, Hi.b. is the altitude of the lower boundary,
Tu.b., and T;,p. are the temperature at the upper and the lower
boundary of the cloud cover, respectively.

Comparison of the theoretical and the experimental data
showed a good agreement between them. The divergence, as a rule,
does not exceed 20% in the A = 0.8 cm band.

Analysis of the obtained data shows that even for precipita-
tions of low intensity, up to 2 mm/hr, in the 0.8 e¢m band the
contrasts reach 70-90°. This means that there iIs a real possibility
for detecting bands of precipitations of moderate intensity, not
only over a uniform water surface but also over a natural under-
lying surface of dry land, in which the fluctuations in radio-
brightness temperature are usually 20 - u40° [3].

In studying the experimental and theoretical data it is
obvious that for detection of bands of cloud cover and precipita-
tion it is feasible to use measurements in two wave lengths: 0.8
and 3.2 cm. On the channel A = 0.8 cm the greatest radiobright-
ness contrast is obtained and the range X = 3.2 cm is necessary
for determining the type and the temperature of the underlying
sufrace and also of precipitations in the presence of a multi-
level cloud cover.
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FEATURES OF THE METHOD OF ULTRAHIGH FREQUENCY RADIOMETRIC
PROBING OF THE ATMOSPHERE FROM AIRCRAFT

A.Ye. Basharinov, S.T. Yegorov, M.A. Kolosov and B.G. Kutuza

ABSTRACT: Models of forming a radiating current
of UHF radiation from a heterogeneous atmosphere
are studied. The relationships which characterize
the dependences of the spectrum of radiobrightness
temperatures on the value of the integral moisture
content and water content in the atmosphere are
given. The obtained evaluations of the sensi-
tivity of the radiometric method show that the
minimal recordable variations in the Integral
moisture content are 0.2 - 0.5 g/cm2 and the
minimal recordable variations in water reserve

of the clouds are (1-3) 10 2 g/cm?.

1

Probing of +the atmosphere by the method of receiving atmo- /153
spheric radiothermal radiation is a further development of ground
investigations of the radiothermal emission from the atmosphere.

Beginning with the work of Dicke and Beringer [1], at the
present time (see, for example, the summary [{2]) a large number of
investigations have been made on the radio emission from a free
atmosphere.

In a number of papers there are results cited on the observa-
tions of radiothermal radiation of hydrometeors ([3-5] and articles
in this collection and others).

In [7] it was proposed to use the results of the radiometric
observations of UHF radiation from the atmosphere using aircraft
for detection of regions of rain formations.

The discussion of the method of radiometric UHF probes given
in [8] and the articles of the present collection show the feasi-
bility of further thecoretical and experimental investigations of
this method.

Below we give several models of the spectrum of UHF radiation
from a heterogeneous atmosphere and evaluations of the sensitivity
of the method to determing the moisture content and the water
content.

2

Radiometric detection of +the hydrometeors and determination
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of the moisture content and water content in the atmosphere with
observations from aircraft is based on measuring the spectrum of
intensity of the emitted UHF current of thermal radiation from the
atmosphere.

The current of emitted thermal radiation in the UHF band con-
sists of a cirect current of radiation from the layer of the at-
mosphere, an atentuated current of radiation from the underlying
surface and a current of back radlatlon from the atmosphere reflected
by the underlying surface.

The radiobrightness temperature of radiation depends on the
state of the atmosphere and is a function of the integral absorption
in the direction of the sighting.

Without taking into account the effects of scattering, let us /154
write an equation for the radio brightness with vertical sounding

in the form
i.l e !
= | v man 1" —[rwa

Tp() =T, |1 —R ()] e 0 VT nmwe " dny

' /£
—I v () an 1 —} 1 ) dl

LR(Ye © Tyt e ¥ dn, (1)

v

where H is the altitude of the instrument over the surface of the
Earth, T, is the temperature of the underlying surface, R(X) is
the reflectlon coefficient of the surface, ya(h) is the linear
absorption coefficient of the atmosphere.

Determination of the altitude profiles of the temperature and
absorption in the atmosphere from the results of measuring the
spectrum of radiobrightness temperatures Tb(k) is a rather compli-
cated problem.

Introduction of the integral parameters permits expressing the
radio brightness through the mean temperature T* and the integral
absorption T,

T, =To(1 =R eV +T1(1 — e W) F TR (1 — 7 ?), (2)
where -
. H
" RRCKL
57(11) 1, (Bye " dh
i) =" /.

RN UL
j i (Rye " dh

0
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h
" _j 1)\(1) dl
[Ty, @e dh
T5 () = -2 - SRR
H ——j";)‘(l) d
IEXO dh
0

1

2 () = (5 1, () dh.

With a known temperature of the underlylng surface, the values
of the mean temperatures T3] (A) and T35 (A) are computed from the
data of the atmospheric models.

In the centimeter band of radio waves the basic absorbing
layer is located at altitudes up to 3 km, and in first approxima-
tion it may be assumed that T"(X) T“(A)AJTO - AT.

As is obvious from (2) the derivative of the value of the inte-
gral absorption in the layer is increased with increase in the
reflectivity of the underlying surface.

With flights over the Earth's mantle with a small reflectivity /155
R =~0.1 (sands, plant covers, etc.) the radio brightness in the
absence of precipitations depends little on the condition of the
atmosphere.

In the case of flights over a water surface having a reflec-
tivity of R = 0.4 - 0.5, the radio brightness depends sharply on
the condition of the atmosphere.

Simultaneous measurements of the radio brightness temperatures
at several points of the spectrum permit determining the values of
the integral absorptions T (Xj) and evaluating the contribution
of the absorption components in oxygen, water vapors and hydromet-

eors.

Let us write the integral absorption in the form of a sum of
components:

JOR Sm/z)dh—jm(h)thkm T)p()dn+

+ j by (h T)w (k) dh + j ky(h, T)wy (k) db. (3)
0 0

In (3) the values kp(x, T), ky(ix, T), kn(A, T) represent,
respectively the linear absorption coefficients in water vapors,
in a finely dropping atmosphere and in rainfalls with a single
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specific content of the absorbing agent.l

Let us introduce the weighting factors:

iH
{ By ( T)p (k) an
* 0
ky(h, To)= = ,

{e(hyan
[}

H
jk,. (h, T)w (k) dh

kw(h, To)= "4 .
[ @ (h)an
fat
k(L T) w (k) dh
N T T
ﬁi T&‘_ H (4
ojwr(h) dh

With known values of the, temperature of the surface the compu-
tations of the weighting factors kB (x, Tg) and kw (A, Tqg) are
carried out from the data on the atmospherlc models.

The coefficient k?(x, TO) is also a function of the dimensions
of the raindrops.

Equation (3), taking (4) into account, leads to equations which
connect the spectrum of absorption in the atmosphere with the values

of the integral moisture content " and the
H px=[p(h)dh

water content Wy— [w(h)dh, 0
0

(A

ck(x1>+k’;(1, ro)p +kw<1, mw +kr(x1, mwvr

T(K,,)—w(),z)—kkp (Am To)P +/€w(f,,- To)'w +kr(’,.» o)wsr- (5)

If we assume the integral absorptlon in the atmospheric oxy- /156
gen 1) (1) and the weighting factors kj (X, Tg), ky (A, Tg), ky
(X, Tg) to be known values, we have a system of equations that
will allow solution due to the difference in the spectral charac-
teristics of attenuation in water vapor, dropping-liquid clouds
and in rain.

3

The sensitivity of the radiometric method to measuring the

l.Ykk (h) is the coefficient of linear absorption in oxygen.
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integral values of the moisture content and the water content may
be evaluated using the relationships for small increments.

Let us represent (2) in the form

Ty (1) ==To (1 — R(1)) €7 © AT ), (6)
where the correction A Tp(XA) takes into account the nonisothermicity
of the atmosphere.

By differentiating (6), in first approximation we have

dTh(x) __ R —2¢(h)
ATO0).  9R (1) Toe ™, (7

According to (7) the minimal recordable change in the integral
absorption is determined by the condition

. A ATmin
At L& In
min_  97oR (1) e () (8)
where AT ;, = 380p is the minimal recordable change 1In temperature,

0p is the mean square value of the noise variations in the radio
brightness.

The relatiocnships for the minimal recordable values of the
changes in moisture content and water content have the form

Apyo .= _ATmin
min 2T R (1) e T ML (i, Ty) (9)
AT ‘
A b T mln» _ ’
‘ZUumll’l 2T 4R (1) e % (Mk'z;; (‘A’ TO) (10)
ATmin
Aw"r min 2T R (1) o2 (M) p* () To) (11)

The maximum sensitivity to change of the moisture content is
reached at a frequency of resonance absorption of water vapors
£ = 22, 23 GHz.

The value of the minimal recordable value Agypip of the varia-
tion in moisture content for different values of the integral ab-
sorption T with a value of the fluctuation threshold AT ;, = 1° is
given on Table 1.

178



Table 1
O ¢ I 0.5 1

A, g/em? . . . . .« . . . . . 0.25 0.54 1.4
Zmin
The sensitivity to change of the dropping water content, as
the computations made using (10) show, in the shortwave part of the
centimeter band depends little on frequency.

The dependence of the sensitivity to change in the moisture /157
content Ameinmm at a wave length of about 2 cm 1s shown on Table 2.

S ¢ B 0.5 1

AW MM+ « & « & + & o« o . .o10-1 2:10 6-10"1

rmin

The sensitivity to change in water content with a cloud cover
of moderate intensity is about 30% of the water reserve in the
clouds.

Evaluations of the minimally detectable intensity of preci-
pitations I_. mm/hr, with observations at a wave length of about
1 ecm (where 3 pronocunced spectral difference exists in the absorp-
tion in clouds and in rain) for an altitude of the lower edge of
the cloud cover Ho ~ 1 km, are shown on Table 3.

Table 3
4 o B 0.5 1

I . mm/hry « « « « o « « o o o « « 2.5 5 10
min

At a wave length of about 1 cm, as a result of the significant
amount of integral absorption, the sensitivity of the radiometric
method allows detection of clouds of moderate intensity.

4

The precision of the radiometric method of determining the
moisture content is limited by the effect of the instrumental and
methodological errors.

The methodological errors ayise, due to unaljlowed-for varia-
tions in the weighting factors T, kp (A, TO), kw (A, Tg) and
k¥ (x, Ty), which are included in equations (2) and (5). The var-
iations in the weighting factors may, for example, occur due to
deviation in finding the vertical distribution of temperature, mois-
ture and water content from the distribution assumed in the compu-
tational model; the influence of the temperature changes in the
absorption coefficients as a function of the sizes of the raindrops
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and the influence of the scattering effects on large drops.

Additional errors may occur due to the absorption in dimers
of the water vapors and the influence of the background radiations
outside the main lobe of the antenna.

Instrumental errors are expressed by errors in calibrating
the scale of radio brightness, by the influence of the natural
fluctuational noises of the receiver, by the instability of the
circuit, etc.

Correct allowance for the effect of methodological errors,
characteristic of the radiometric method, requires inclusion of
the generalized data on the distributions of meteorological para-
meters in the atmosphere. ’

Preliminary evaluations show that the sizes of the methodolo-
gical errors, under the conditions when the integral absorption
does not exceed 0.5, is 20 - 50% of the measurable values of the
moisture content and water content.

The problem is significantly more complicated under the con-
ditions of a cloud cover with gaps, partially overlapping the field
of vision of the radiometric instrument.
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THERMAL RADIO EMISSION FROM AN ICE COVER IN THE UHF-BAND

L.T. Tuchkov, A.Ye. Basharinov, M.A. Kolosov
and A.A. Kurskaya

ABSTRACT: The prospects of using the radio-
metric method for determining the parameters

of the ice and snow covers are reviewed; this
method has certain advantages at times, in com-
parison with the method of active probes. The
observations of the thermal radio emission of
the ice cover in the centimeter and decimeter
bands were made in reservoirs both with fresh
and with sea water. Variations were found in
the radiobrightness temperatures from 110 to
200° K in observations of the ice cover in com-
parison with radiation from a water surface.
The appearance of snow on the ice surface leads
to an increase in the intensity of the radio
emission from the cover. With an increase in
the moisture content of the snow cover and ice,
a decrease is observed in the radio brightness
by 40 - 50° K. The possibility of finding

the boundaries of the ice fields by a polari-
zation selection of signals which are virtually

independent of the thickness of the 1ice 1is
noted.

In addition to the methods of studying the ice and snow covers /159
by active probes a radiometric method is now being developed to

record the radiothermal emission from these covers [1,2]

The dependence of the emittance of the covers on their condi-
tion and their pronounced penetrability of radio waves in the UHF
band, define the numerous possibilities of the radiometric method.

The emittance of the ice cover is determined by its

and reflecting properties and depends on the temperature,

absorption
the salin-

ity, the thickness of the cover, the presence of humidity in the
liquid phase, the character of the underlying surface, the proper-

ties of the upper snow layer, etc.

The current of radiothermal emission is represented
form of a superposition of a direct current of radiation
ice layer and currents which arise due to reflections on
and upper boundaries.

Determination of the emittance and the character of
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ization of the UHF radiation is made with the help of plane-strati-
fied structure-type models, which differ in temperature, dielectric
constant and size of the angle of losses.

The frequency characteristics of the linear absorption of the
ice cover in the region where the angle of losses may be assumed
constant has a dependence which is inverse to the wave length,
that determines the increase iIn the penetrability of the radiation
in the decimeter band in comparison with the penetrability in the
centimeter and millimeter radio wave bands [3,4].

2

Observations of thermal radio emission from ice covers in the
centimeter and millimeter bands were made on reservoirs with fresh
and with sea water.

During the winter of 1962 - 1965 measurements were made on
the Baltic Sea and on lakes in the Moscow and Leningrad Regions.
In 1964 - 1965 observations were made of the radiation from ice

on the Kara Sea.

In the observations of the intensity of radiation of the ice
cover, forming on the surface of water, we found an increase in

the radio emission in comparison with the radiation from an open /160
water surface. The radiobrightness temperatures here were measured
from T, = 110° K for water to Tp = 200° K for new ice both for

fresh and for sea reservoirs.

With an increase 1in the integral absorption along the line
of sighting an increase is observed iIn the intensity of radiation

and the radio brightness reaches 240 - 250° K,

The appearance of snow on the surface of the ice leads to an
increase in the intensity of the radio emission from the cover. We
found a dependence of the intensity of radiation on the density and
structure of the snow. The observable changes in radio brightness
are 20 - 30°

With an increase in the moisture content of the snow cover and
ice a decrease is observed in the radio brightness by 40 - 50°,

Based on the measurements of the angular brightness character-
istics of the vertically polarized component of the radiation from
ice, we found an increase in the "effective" dielectric constant
of the cover from 3 to 5.5 as a function of the moisture content of
the ice.

In the presence of snow the effective dielectric constant of
the cover with an increase in moisture content varied from 1.75
(with dry loose snow) to 5.5. In observing the intensity of the
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radiation from sea ice we noted an increase in the absorption (in
comparison with fresh ice). Change in salinity by 6 - 8% led to a
change in the radio brightness by 20 - 30° [5].

3

In observing the radio emission under conditions of the forma-
tion of an ice cover on the surface of the water we noted an attenua-
tion of polarization of the thermal radio emission. This phenonomen
permits recording the boundaries of the ice fields by the polariza-
tion selection of signals received by the radiometric statiomns.

The conditions of detection of boundaries of ice fields by
polarization selection of signals are virtually independent of the
thickness of the ice.

The formation on the surface of ice of a layer of snow, just
as the presence of irregularities on the surface of the interface
water - ice and ice - air, produces an attenuation of the polari-
zation of radiation.

4

The thermal radio emission represents an uncorrelated random
process.

With the passage of the noisy signal along the circuilt with
a finite pass band a correlation bond is established between the
instantaneous values of the noise voltage at the output of the cir-
cuit. If we represent the UHF circuit of the radiometric receiver
in the form of an equivalent filter with a pass band Af, we note
that the period of time 1, during which the instantaneous values of
the output voltage are found to be correlated, represents a value
that is inverse to the pass band.

The thermal radio emission from water through a layer of ice
represents a superposition of radiations emitted from the ice cover

after multiple reflections in the layer of ice. 1In the case when
the lag time due to sequential reflections t;_ ,<t, and the irregu-
larities on the interface ice - water and ice air satisfy the cri-

terion of Rayleigh irregularities, in the high-frequency circuit
of the radiometric receiver we observe interference phenomena.

These interference phenomena produce oscillations in the out- /1861
put voltage. The character of the interference oscillations depends
on the electrical properties of the ice cover and the parameters of
the receiving instrument.

The examples probably are far from exhausting all the possi-
bilities of the radiometric method of determining the parameters
of ice and snow covers which have, in a number of cases, advantages
in comparison with the method of active probing.
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